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SUMMARY

Piczoelectric actuators (PZT) are widely used for Structural Health Monitoring Systems (SHM)
and are mostly surface mounted or embedded into a structure with a polymer adhesive layer. The
long-term durability and integrity of piczoelectric-based active sensing networks surface-
mounted on metallic structurcs is studicd. Main focus is given to the characterization and
improvement of the durability, performance and integrity of structures with integrated
piezoelectric materials. Both mechanic-based and material-based approaches were conducted.
The mechanic-based approach is based on numerical simulations with a Spectral Element based
code (SEM). The SEM method in time domain is first introduced to the field of Structural Health
Monitoring where fundamental understanding of Lamb wave propagation and the interaction
between diagnostic waves and damage, as well as between built-in, piezoelectric-based sensors
and the host structures, are critical. A spectral element-based code equipped with a coupled
clectro-mcchanical field solver and interface program to link with commercial pre/post-
processing software has been developed to simulate ultrasonic Lamb wave propagation in 3-D
structures with built-in piezoelectric sensors. The code is verified by comparison with
experimental results. Performancc of the code is examined in terms of solution convergencc as
compared with finite element method. Furthermore, the potential of this code to be integrated
with the diagnostic methods for damage detection is examined.

The material based approach is based on experimental studies performed on a: (a) conventional
PZT/structure interface which is a critical element for the performance and reliability of the
SHM system; and (b) Carbon nanotube coated PZT (C-PZT) interface which was proposcd and
developed in this research.

An experimental and numerical study was performed to investigate the effects of interface
debonding on the performance of piezoelectric (PZT) ceramic actuators for structural health
monitoring (SHM) systcms. Interface degradation of PZT actuators may occur over time during
the in-service life of the structurc compromising the performance and reliability of thc SHM
system. Energy losses and signal changes should be understood to guarantee thc reliability of the
SHM systems during the lifc-time of the structurc. Here we present the first systematic study on

the performance of PZT actuators with a partially degraded interface. The electro-mechanical




coupling between PZT actuators and a hosting aluminium plate was found to vary with the
interface debonding over a wide frequeney range affecting the amplitude and phase of the
aetuator’s signal. A signal dclay and an amplitude decrease werc observed for increasing
debonding area, and for different debond shape and loeation undemeath the PZT actuators.
These changes were found to be dependent on the actuation frequeney with respeet to the PZT
resonance frequency. The speetral element-based code, developed in the mechanie-based
approach, was used to verify the experimental results by simulating the propagation of ultrasonic
Lamb waves in an aluminum plate with built-in piezoeleetric sensors/actuators.

Conventional PZT ceramics are sandwiehed between two silver paste electrodes which have
been shown to produce a weak interface bond between the PZT ceramie and the adhesive
paste. The design of a earbon nanotube coated piezoclectric actuator (C-PZT) is presented. The
C-PZT actuator has its electrode silver paste eoating replaced with a earpet of pre-aligned earbon
nanotubes (PACNTSs). The resulting interface between the C-PZT actuator and a metal substrate
is reinforced by a high-density array of oriented CNTs nanoclectrodes (CNTs-NEA). This report
presents a unique design method and a potential fabrication process for the integration of
uniformly dispersed and oriented CNTs-NEA into the adhesive bondline. The proposed design
eonsists of inserting a Pre-Aligned CNTs (PACNTSs) earpet into the adhesive polymer,
constraining the carpet to the PZT surface (C-PZT) prior to embedding it into the polymer and
making use of the capillarity effect of the CNTs carpet to fully absorb the adhesive
polymer. Low- and high-temperature processes were devcloped to fabrieate the C-PZT. The
high-temperature process consists of growing CNTs dircctly onto a polycrystalline PZT, while
the low-temperature one eonsists of transferring aligned CNTs from an alternative substrate onto
the surface of a polarized PZT. The microscopie characterization shows that CNTs are fully
dispersed and oriented into the adhesive polymer. An investigation was condueted to assess the
bondline integrity of a C-PZT actuator mounted on a hosting strueture. Mechanical tests were
performed to characterize the shear strength of the bondline between C-PZT actuators and the
substrate. The test results were comparcd with shear strengths of the bondlines made of pure
non-eonduetive adhesive and adhesive with randomly mixed CNTs. The eomparison showed
the PACNTs coating on PZTs could significantly enhanee the interfacial shear
strength. Through the microscopic examination, it was evident that the ratio between the CNTs

length (Lc) and the bond thickness (H) significantly influenced the bond strength of C-PZT
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actuators. Three major interface microstructure types and their corresponding failure modes for
specific Le/H values were identified. The study also showed that failure did not occur along the

interface betwcen the PZT ceramic elcment and the CNTs coating.
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I. MECHANICS BASED APPROACH

Even though the Structural Health Monitoring (SHM) system that deduces in-situ “health”

through active scnsors and real-time data processing has met great success in integrating and

23 major challenging issues

automating to perform real-time inspection and damage detection '

considered by industry as bottlenecks that prevent the SHM technology from being adequately
and effcctively implemented in the market remain. Of all the issues, the most critical one is the
development of an efficient and accurate analytical tool. Especially, in the case of the elegant
system with a built-in, piezoelectric-based sensor network, major concerns about the use of the
tool are accurate analysis of the integrated system, as well as the creation of a design
architecture, which is necessary for constructing an optimized system in structures that does not
rely upon the current primitive trial-and-error approach. However, because a key mechanism in
dctecting damage in plate-like structures is based on the complicated physics of Lamb wave
propagation and its scatter at damage®, analytic solutions are no longer practically feasible.
Numerical approaches have attracted substantial attention as a semi-analytical method of

overcoming this complexity and are at the base of the presented study.

[.1. The Spectral Element Method in Time Domain to Analyze Lamb Wave

Propagation in Structures with Piezoelectric Sensor Networks

In the field of SHM, numerical methods such as the finite element method (FEM), the finite
difference method (FDM) and the boundary element method (BEM) have been employed in the
study of how such stress waves behave in structures and interact with defects**¢7*,

A common feature of these numerical methods is abbreviated to time and spatial
discrctizations. The approximations induce inherent errors in the numerical solution. In the case
of ultrasonic wave propagation, the major numerical challenge is to minimize numerical
dispersion error’. If thc error of phase and group velocities resulting from the numerical
dispersion is accumulated through time and space, the numerical simulation yields useless

solutions completely different from the real situation. Therefore, the success of numerical

analysis strongly depends on minimization of the error, which requires sufficient discrete spatial




resolution per minimum wavelength. FEM, which is one of the most efficient simulation
techniques for obtaining a solution to wave propagation problem in structures, has served as a
primary computational tool for understanding stress wave propagation and its scatter at in-
homogeneities. Use of the FEM has been encouraged by competitive advantages for modeling of
geometrical complexity, material anisotropy and a traction-free boundary condition as compared
with FDM and BEM. Howevcr, from a practical viewpoint, the diagnostic Lamb waves
employed to detect damage in plate-like structures have less than several millimeters as a
minimum wavelength. In the case of even non-guided waves, explicit FEM recommends more
than twenty elements per minimum wavelength to obtain a solution with a less than 1.0%
dispersive error’. Thus, finite element analysis for guided wave propagation requires spatial
discretizations of less than a few tenths of a millimcter to compute an accuratc solution. It
follows that FEM for three-dimensional practical problems require impractical computational
resources, such as computing time and memory. This is the main reason practical use of FEM in
the field of Lamb wave-based SHM has bcen restricted.

The Spectral clement method (SEM) in the time domain is an alternativc to the existing
numerical methods in the field of Lamb wave-based SHM. The SEM first developed in the mid
1980’s'’ is a weighted residual method like FEM. Main features of the SEM are a subdivided
whole domain, called elements and high-order interpolation with particular quadrature rules.
SEM by use of Lengendrc formulation shows an important numerical feature to diagonalize
inertia terms, which results in far fewer arithmetic operations. Furthcrmorc, the SEM has an
cxponential rate of solution convergencc and conserves the advantages of FEM mentioned
above, which significantly enhances thc capability to simulate wavc propagation '
Consequently, numerical analysis b'y use of the SEM leads to drastic reduction of the required
computational resources. Thc fields of acoustics and seismology have enjoyed the advantages of
the SEM!2:13:14.15 However, despite its excellent features, a number of researchers with an
interest in numcrical simulation of Lamb wave-based SHM have essentially ignored the SEM. In
the case of time domain analysis, well-developed commercial FEM codes have been preferred
due to their accessibility. In our estimation, such trends retard the application of the SEM to the
field of SHM. On thc other hand, in the frequency domain SEM has been introduced to damage
detection technology'®. The SEM in the frequency domain spectrally formulates finite elements

by use of the Fourier synthesis of many infinitcly long wave trains of different frequencies'’.




However, in the context of computational efficiency, time domain analysis for wave propagation
is intrinsically a better choice. Thus, in this report, the SEM refers to spectral elcment method in
time domain.

Most endcavors to numerically simulatc Lamb wave propagation have focused on host
structure itself: ultrasonic wave propagation in thc structure and interactions with damage. But,
the success of such a SHM system relies heavily on a built-in scnsor network design and
integration of sensors with the structure. In addition, the selection of diagnostic waves and a
method of signal interpretation needs to be optimized in a way that the highest damage detection
capability can be achieved with the minimal number of sensors to increase the practicality and
reduce the cost of these systems. Thercfore, it is essential to establish a fundamental
understanding of the wave interactions not only betwecn diagnostic waves and damagc, but also
between sensors and host structures. Achieving this level of understanding requires a numerical
modeling for piezoelectric sensors along with host structures.

The purpose of the present work is to introducc the SEM in time domain to the field of Lamb
wave-based SHM. Sec. Il discusses a spectral element formulation in time domain, based on the
coupled electro-mechanical equations for piezoelectric material. As a solution procedure for the
coupled equation, the simultaneous employment of an explicit time integration scheme for the
semi-discrete dynamic equations and Gauss elimination method for the static electric field is
presented. Furthermore, as a pre/post-processor to grant access to the geometrical complexity of
host structures, an interface program which links to well-known commercial CAD/CAE code
was developed. The interface programs automatically transfer the generated finite elcment data
into spectral element data, and vice versa. In Sec. llIl, a comparison of the numerical solutions
with cxperimental results verifies the accuracy of the SEM-based code. In Sec. 1V, to illustrate
the efficiency and accuracy of the SEM-based code, the problem under consideration is stated
and then a comparison between the SEM and thc FEM is conducted. Sec. V examines the
potential ability of this codc to detect damage using a sample model. Sec. VI summarizes our

conclusions.




1.2. Spectral Element Formulation

In the same way as the FEM, the SEM is an approximation method called the weight residual
method'®. In a fixed rectangular Cartesian coordinate system, leto;;, u i &, D;, p be the stress,
displacement, acceleration, electric displaccment and density, respectively. Then, on the basis of
the physical equation of equilibrium, the strong form of the boundary value problem known to
govern the behavior of a host structurc with piezoelectric sensors is stated as follows'®:

cquilibrium equations:

Ty.i =ng e R (la)
D=0 in QF

boundary conditions:

u; =l_ll' on SI§+P (lb)
- S+P

oyn =1i; on §;

Vi on s/

Din; =Q on 55

where superscripts “S” and “P” mean domain of the host structure and piezoelectric sensors,
respectively. Furthermore, subscript “u”, “t”, “V” and “Q” indicatc surfaces prescribed by
displacement, traction, elcctric potential and electric charge, respectively. Summation is implied
on the repcated indices unless stated otherwise, and a comma indicates partial differentiation
with respect to the coordinate direction. Hereafter, under the assumption of three-dimensional
problem, the lower case Roman indices 1, j and k arc used to indicatc the 1, 2 and 3 directions.

Based on the principle of virtual work, the spectral element formulation evolves from
transformation of the strong form (la, b) into the wecak form called weight residual
formulation':

IQ"'"' (O-Ub:e(/ + p%li )dQ = J‘Q" D,&‘ldﬂ = IS:.\'m f,-é‘u,-dS + ISJ QﬁVdS (2)

To transfer this weak form into thc spectral clement equation, the same proccdures which
formulate a typical finite clement equation arc followed: the whole domain is sub-divided into
many small sub-domains called elements, and then low-order interpolation functions and Gauss

quadrature rules are applied to the elcment. Contrary to the classical finite element




approximation, thc SEM approximates the field vanables in elements using a high order one-
dimensional Lagrange polynomial and its tensor product. For example, the displacement vector
can be written as follow*'”:
N N N par
ui(s,m.¢)= 3 2 th (f)hq (U)hr(’:)d, (3)
p=0g=0r=0

wherc ¢, 17 and ¢ indicatc a local coordinate system, and 4,($) is an N-th order 1D Lagrange

interpolation function at (N+1) Gauss-Lobatto-Legendre (GLL) pointsls, which show uneven
distribution of nodal spaces (see Fig. 1). Use of the Gauss-Lobatto-Legendre quadrature leads the
integral Eq. (2) to the coupled spectral element equations, which means mechanical force and

clectrical charge equilibrium at cach node:
My'ﬁ;‘ =f:i€.l'l _Fvllnt in QS+P

(42)

Rjd; -K;$; =P inQF (4b)

where M;; is lumped mass matrix , & is accelcration vector, £ and F™ are external and
if Y s Ui i

J

internal force vectors, respectively. In the static equilibrium Eq. (4b), d;and ¢, are nodal
displacement and electric potential vectors. Furthermore, P, is electric charge vector, and K 7

and K;; are the piezoelectric stiffness matrix and the dielectric stiffness matrix, respectively.

Due to Legendre formulation, the mass matrix in Eq. (4a) leads to a naturally diagonal matrix.
Furthermore, in the context of features for wave propagation, the explicit time integration
scheme, such as the central difference method, is the best choice for calculating the ordinary
differential Eq. (4a) in the time domain. As a strategy for solving the coupled Eq. (4a,b)
simultaneously, in each time step, the mechanical fields such as acceleration, velocity,
displacement and stress are estimated on the basis of electric potential and mechanical fields
obtained from the previous time step. And then using the estimated displacements and the Gauss
elimination algorithm, the static equation for the electric field (4b) provides the new electric
potentials at the current time step. At thc next time step, the obtaincd displacements and electric
potentials are used again as the field variables of the previous time step. All these procedures are

itcrating to the cnd-timc step.




1.3 Code Verification

[.3.1 Statement of the Problem

A square aluminum alloy platc (thickness = 1.02 mm, width and height = 508 mm), as shown in
Fig. 2(a), is used to perform the SEM-based code verification using comparison to experimental
results. Four identical piczoclectric transducers arc mounted on one side of the plate as shown in

Fig. 2(a). Table 1 shows location of the piczoclectric transducers on the plate.

The clectro-mechanical properties of the piezoelectric materials (APC850) are available from
American Piezoceramics, Inc.”. The piezoceramic element used is a disk with 0.25 mm thickness
and 6.35 mm diamcter. Thc cxperiment is made using pitch-catch setup, in which one of the
transducers acts as an actuator to generate Lamb waves and the other transducers rcceive the
propagating Lamb waves. The peak voltage of the excitation is kept at 50 volts. In the
cxperiment, PZT 2 as an actuator cxcites a five peak tone-burst wave with a center frequency of

100 kHz as shown in Fig. 2(b).

According to Lamb wavc dispersion equation’, at this frequency-thickness value, there are
only fundamental symmetric and anti-symmetric mode due to excitation below the cut-off
frequency of the first anti-symmetric mode. The more dispersivc anti-symmetric wave mode has
a wavelength of 9.5 mm, and thc symmetric wave mode has a wavelength of 53.0 mm.

In numcrical analysis, spatial resolution on numbers of node per minimum wavelength is a
key factor to obtaining accurate solutions. The mesh configuration is shown in Fig. 2(c). In this
case, the 3D spectral clement has 5 mm x S mm x 1 mm as maximum size and 5™ order
Lagrangian intcrpolation in the clement. The total number of nodes and elements are 1,656,360
and 11,040, respectively. This configuration gives about ten nodes per wavelength along the
propagation dircction. The rcason such resolution is employed is discussed in Sec. IV, below. In
order to sub-divide thc wholc domain into clements as shown in Fig. 2(c), the FEM-based
commercial code ABAQUS/CAE' is uscd as a pre-processor to discretize complex geometry of
structures. The finite clements formed out of the pre-processor are turned into the spectral
elemcnt using the author’s interface program. As a boundary condition, the plate is assumed

undcr traction-free condition. Furthermore, the excitation in thc form of electric voltage is

* Amcrican Piezo Ceramics, Inc (http://www.americanpiezo.com)
* ABAQUS, Inc (http://www.hks.com)




applied to nodal points on the top surfaee of actuator PZT 2 in steps with respeet to time, as
shown in Fig. 2(b). All calculations are performed using a personal computer: Pentium [V 2.66

GHz CPU, 512 MB RAM and Compagq Visual Fortran 6.5%.

1.3.2 Results and Discussions

The SEM-based code quite accurately simulates the response of sensor measurements in a
pitch-catch mode as shown in Fig. 3, where the measured sensor signals were compared with the
simulated results in response to a five peak wave excitation gencrated at PZT 2. As previously
stated, only two fundamental modes are obscrved in this figurc. Furthermore, the anti-symmetric
mode with rclatively slower veloeity and larger signal strength shows more dispersive features as
compared to the symmetric mode. The good agrcement between cxperimental results and
numerical solutions verify that the SEM-based code with coupled cxplicit time marching and
static solving scheme is capable of simultaneously solving the coupled cleetro-mechanical ficlds
for Lamb wave simulation. The efficiency and accuracy of this method is discussed in the next
section. In this code, the sensor output as volts is the mean of the nodal voltages obtained from

solving the coupled Eq. 4(a, b) on all nodes on the PZT scnsor surface.

.4 Code Performance

1.4.1 Statement of the Problem

In order to study the efficiency and accuracy of the spectral clement analysis for ultrasonic
Lamb wave propagation, the solution convergence rate through the increase of the spatial
resolution is examined by comparing with the finitc element analysis performed by the author's
explicit FEM code. Both of the author’s codes employ the same algorithm to solve the coupled
clectro-mechanical field. The only difference between the two codes is the fact that the SEM
uses various high order interpolations and GLL quadrature, whereas the FEM is based on linear
interpolation and usual Gauss quadrature, as discussed in Sec. I1. Thus, decreasing finite element
size is the only way to improve the spatial resolution, whereas, in addition to decrcasing spectral
element size, the use of higher order interpolation enhances the resolution. Furthermore, there are

two integration schemes in FEM. In the context of computational cost, a reduced integration

** Hewlett-Packard Development Company (http://h18009.www l.hp.com/fortran/visual/)




scheme for explicit FEM is a better choice than full integration. In contrast, the full integration
scheme is better than the reduced intcgration in terms of solution accuracy’. In this study, both
reduced and full integration schemes arc employed to investigate the two aspects of efficiency
- and accuracy.

As a test modcl, let’s assume there is thin aluminum plate with two surface mounted
piezoelectric transducers as illustrated in Fig. 4(a). The thin plate has a sufficiently large

dimension in the X7 direction comparcd with the dimensions in the X| and X3 direction (508 x
infinity x 1.02 mm). The piezoelectric transducers with X3 poling dircction are running parallel
to the Xy dircetion (6.35 x infinity x 0.25 mm). Therefore, this example can be considered to be

in the state of plane strain deformation under uniform voltage input on the transducer upper

surface, wherein the displaccment in the X axis disappears identically to zero. This

simplification makes it easy to cxamine the cffcct of spatial resolution in numerical methods
without loss of gencrality. Typical mesh configurations of FEM and SEM for the plane strain
problem arc shown in Fig. 4(b) and 4(c). For the sake of visualization, the figures are enlarged
nearby one piczoclectric transducer. Furthermore, the SEM-based and FEM-based codes have
only a three-dimensional clement. To embody the planc strain state using the 3D clement, a very

thin clement dimension along the X5 direction is assumed and all X; direction degrees of

frecdom are constrained. Using onc of two piczoelectric transducers as an actuator, a five peak

tone-burst wave with a center frequency of 100 kHz, was excited.

1.4.2 Results and Discussions

The profile of sensor signals is shown in Fig. 5(a), in which a smaller strength symmetric
mode is followed by a higher strength anti-symmetric mode. The SEM-based solution is in
quantitative accord with FEM based results. However, in the context of numerical dispersion
error, while the solutions match almost perfectly for the fundamental symmetric mode, a small
discrepancy of phase/group wave velocities is observed in the slower fundamental anti-
symmetric mode, as shown in Fig. 5(b). In order to investigate the efficiency and accuracy of
numecrical methods, the discrepancy versus the spatial resolution is examined from quantitative
viewpoints as shown in Fig. 6. In this figure, the SEM exhibits on exponential convergence rate

as comparcd with the FEM. In terms of the solution convergence, the SEM has an excellent




advantage over the FEM in simulation of the ultrasonic Lamb wave propagation. Furthermore, as
shown in this figure, reduccd-integration based FEM underestimates the group velocity, and full
intcgration-based FEM overestimates it. Both FEM solutions asymptotically converge to a
solution as the resolution increases. The solution as the element size goes to zero (h—>0) is

easily calculated by Richardson extrapolation®®. According to the mathematical approach for

FEM?', the numerical dispersion error in linear FEM is decreases with 4%. Under the assumption
of asymptotic error expansion, the improved solution of the arrival time obtained from finite

clement analysis is calculated as follows:

+0Mh?), p>2 (5).

4Y(h/2)~Y(h
pioy =20 D=

For full integration:
Y(h)=115.88, Y(IV2)=116.30 => Y(0) = 116.44
For reduced integration:
Y(h)=116.65, Y(I/2)=117.280 => Y(0) = 116.44
The solution accuracy of SEM and FEM is estimated on the basis of the value shown in Table 2.
To obtain a solution with less than 0.5% dispersive error, the FEM requires more than forty
nodes per minimum wavelength. Table 3 shows the comparison of computational resources. The
SEM reduces the computational memory by more than a factor of twenty in terms of total nodal
numbers, comparcd with thc FEM. Furthermore, the FEM costs more than ten timcs the

computational time, compared with the SEM.

1.5 Code Feasibility to Damage Detection

[.5.1 Statement of the Problem

To monitor the scattered Lamb wave induced by the crack, a damage detection proccdure
using a typical pitch-catch and pulse-echo method is performed with the aid of the SEM-based
code. Consider thc same aluminum plate, as previously mentioned in Sec. IIl. In addition, the

platc has a through-thickness circular hole (center at X|= 237 mm and X7=279 mm; 10 mm

diamcter) and a through-thickness crack (4, 8 or 12 mm) originating from the hole edge as scen
in Fig. 7(a). The Lamb wave sensitivity to cracks strongly depcnds on the excitation frequency.

A five cycle tone-burst waveform with a driving center frequency of 450 kHz is used for the




actuation signal as shown in Fig. 7(b). In this frequency range, the symmetric Lamb wave modc,
which is more scnsitive to the presence of through-thickness cracks in isotropic structures than
the anti-symmetric wave mode’, has a much higher amplitude as compared with the anti-
symmetric mode. Furthermore, the wavelength of the symmetric mode is about 12 mm, which is
sensitive enough to detect 4 mm cracks. A typical mesh configuration is shown in Fig. 7(c). The
maximum 3D element size is S mm x 5 mm x 1 mm. In addition, the Lagrange intcrpolant in
each element is 5™ order. According to the discussion in Scc. 4, in terms of the symmetric wave
mode, this nodal resolution reduces the dispersion error to under 0.05%. Total number of nodes

and elements arc 1,671,720 and 11,141, rcspectively.

1.5.2 Results and Discussions

The SEM-based code is ablc to embody the pulse-echo concept in addition to the typical
pitch-catch mcthod. In tcrms of the pulsc-echo algorithm, the programmed electric voltage first
excites a PZT actuator, and then the function as an actuator is artificially stopped at a fixed time
stcp.  Sccondly, the elcment as a sensor starts sensing a reflected wavc from damage and
boundarics. Fig. 8(a) shows the scnsor signals based on the piteh-catch method when PZT2 and
PZT4 arc used as an actuator and scnsor, respectively. The first arrival symmetric wave mode
shows higher signal strength as compared with the anti-symmctric wave mode. In terms of the
symmetric wave mode, this driving frequency grcatly cnhances the signal-to-noise ratio
compared to the casc of 100 kHz center frequency, as shown in Fig. 3. Fig. 8(b) is the sensor
signal when PZT2 and PZT4 arc used as an actuator/sensor, respectively, based on the pulse-
ccho mcthod. The time-of-flight of the first/sccond arrival waves confirms that it is a symmetric
wave modc originating from the hole/crack and plate edge, respectively.

In order to clearly identify only the scatter waves induced by the crack, both wave propagation
simulations for the platc (shown in Fig. 7) with and without the crack are performed and the
results are numerically subtracted. Fig. 9(a) describcs the forward scattered signals obtained
from path PZT2-PZT3. Thc scattered signal strength induced at a relatively longer crack is
highcr. Furthcrmore, there is no phase shift in the first arrival scattcred signals because the crack
is locatcd at a short distance from the direct wave path. Fig. 9(b) shows the simulation result of
the scattcred wavc due to a crack when PZT2 is used as a pulse-echo element. The scattered

waves, which arrive faster as increases the crack length, confirm that it originates from a crack.




The wave developments at differcnt time frames in the model with an 8 mm crack are shown
in Fig. 10. To draw the wave developments, the interface program is uscd, which transfers the
SEM-based output solution into the input data for the commercial software Tecplot®. It’s shown
that the symmetric and anti-symmetric waves are generated at PZT2 actuator and propagated
outward. These figures show the symmctric waves partially reflected and transmitted to the
backward and forward dircctions, respectively, after the first arrival at the hole/crack.
Furthermore, the faster symmetric waves totally reflected at the plate boundary are mixed with
the slower anti-symmetric waves. The wave mixtures induce the complicated wave development
as time progresses. Fig. 11 shows only the propagating scattered waves from the crack tip at 20
usec and thc scattered wave propagating to neighboring sensors at a later time. In order to easily
observe the scattering at the crack, Fig. 11 (a) is enlarged nearby the hole. These figures clearly
show that the scattered signal is induced at the crack as mentioned earlier. This offers the
potential ability of this SEM-based code to dctect damage. Furthermore, The SEM-based code
will be used to optimizc key parameters such as sensor shape, size, locations and input diagnostic
waveform to achieve the maximum damage detection capability with a minimal number of

sensors.

1.6 Interface Adhesive Layer Effect

In scction 1.3, the SEM code was verified without modeling an interface adhesive layer at 100
kHz excitation frcquency which is much lower than the resonance frequency of piezoelectric
transducers used in thc cxperiment. In the case of an excitation frequency close to the resonance
of the piezoelectric transducer, the effects of the adhesive layer arc much more prominent. As a
result, thc simulation doesn’t match well with an experimental result. Fig. 12 shows the SEM
simulation and an cxperimental result at 400 kHz cxcitation with the same configuration as Fig. 3
(a). The experimental scnsor signal has larger amplitude and more peaks compared with the
SEM simulation. It is assumed that low stiffness of the adhesive layer (about 5% of aluminum)
cannot constrain the rcsonancc behavior of piczoelcctric transducer, thus causing thcse

phenomena.

¢ Teceplot, Inc (http://www.tecplot.com)




To verify this assumption, 2-D plane strain model as shown in Fig. 13 is used because 3-D
model requires a lot of computation and memory due to an extremely small mesh size for the
thin adhesive layer. The 2-D model has same propagation distance as the 3-D model. A modecl
without adhesive is compared with those with a 50um and 100pum adhesive layer. As the
thickness of adhesive layer incrcascs, larger amplitude and more peaks occur in both
symmetric(S0) and anti-symmetric(AO) mode similar to the 3-D results shown in Fig. 12.

To achieve accurate SEM simulation without modeling adhesive layer for 300 KHz and 400
KHz excitation, a piezoelcetric transducer with a smaller diameter which has higher resonance
frequency should be used. Also, more study on adhesive layer modeling is required to simulate
wave propagation with an excitation close to thc resonance frequency of a piezoclectric

transdueer.




II. MATERIAL BASED APPROACH

One of the major concems in aeronautical structures is their maintenance to guarantee safety,
performance and reliability during manufacturing and the in-service life of the structure. This
issue is usually approached with standard non-destructive inspection methods which can only
access limited areas of the structures and have high maintenance costs. Structural Health
Monitoring (SHM) systems are a recent alternative approach that has the potential to satisfy
scheduled and non-scheduled inspection/maintenance tasks in a cost-effective manner. At the
corc of SHM tcchnology is the development of self-sufficient systems utilizing built-in
distributed sensor/actuator networks that are integrated with the host structures for the
continuous monitoring, inspection and damage detection with minimal labor involvement. The
aim of SHM is not only to detcct structural discrepancics and dctermine the extent of damage,
but also to determine effccts of structural usage and provide an carly indication of physical
damage. Piezoelectric (PZT) based SHM systems arc among the most widely uscd for active and
passtve control systems, and have PZT scnsors/actuators permancntly bonded to thc structure
with an interfacial adhesive layer which has the primary role of coupling thc PZT ceramics to the
structurc for stress/strain transfer’>?’. The PZTs network becomes part of the structure and
thercfore subjected is to the same environmental conditions as the structure (such as temperature
variations, vibrations, strain, load, chemical attack etc.). The PZT sensors/actuators bondline
(i.e. bonding layer at the interfacc with the host structurc) was found to crack and debond under
cnvironmental stresses causing a loss of performance in the SHM system”*?*?%?7_ A debonding
or a crack in the interfacc will reduce the control capabilities and so its effccts should be
included in the SHM algorithms. However the responsc of PZT sensors/actuators with a
degraded interface is still not fully understood.

Here are prcsented the first systematic study to characterize the performance of PZT actuators

with a degreaded interface and a novel interface design based on carbon nanotube technologies.




[I.1 Influence of Interface Degradation on the Performance of PZT Actuators

Today it is not possible to include, in the algorithms, the effects of an interface debonding or
crack. This is because of lack of cxperimental studies that address the effects of debond on the
responsc of PZT actuators, and because of very little analytical works that have been done to
inclﬁde in the models the PZT actuator bondline. Most analytical studies in fact use
elcctromechanical impedance and wave propagation tcchniques and disregard the interfacial
adhesive layer28‘29' 30.313233 © Kim and Chang34 have proposcd an effective Spectral Element
Method (SEM) based code to simulate the response of built-in PZT sensors/actuators in
structures considering the interfacial adhesive laycr. It was shown that the performance of PZT
actuators is affected by the intcrface thickness. This behavior was found to be sensitive to the
actuation frequencies relativc to the natural resonance frequency of the PZTs, which is in
agreement with experimental®” and numerical results’®. Fewer investigations consider damage in
the actuator/sensor bondlinc®®*’. Kumar and Ikeda interpreted a PZT debonding as a reduction
of the elcctro-elastic coupling stiffness®®. However, in order to bc able to correctly ascertain the
performance and reliability of SHM systems during its entire life-time, it is first neccssary to
clcarly understand the response of PZT sensors/actuators with a degraded interface.

Presented here is a systematic experimental and numerical study of the effects of interface
degradation (dcbonding) for PZT actuators mounted on a metal structure. Main focus is given to
the debonding size, cxtension, shape and location in the intcrfacc. It was found that the clectro-
mechanical coupling between PZT actuators and the hosting structure is strongly affected by a
partial debonding and that this effect is influenced by the actuation frequencies with respect to
the natural resonance frequency. These results can be used as a tcmplate in SHM algorithms and

guarantee the reliability of built-in systems during the in-service life of a structure.

I1.1.1 Problem Statement

Interface dcgradation may occur over time in the bondline between piezoelectric (PZT) actuators
and thc hosting structurc, compromising the performance and rcliability of Structural Health
Monitoring (SHM) systems. In Figurc 14 is shown a typical bondline configuration for a PZT

actuator bonded to a metal plate with a thin conductive adhesive layer.




The objective of the study is to characterize the effects of local debonding/degradation of the
intcrface on sensor data integrity and reliability under dynamic excitation in acoustic-ultrasound

range. The study was performed both experimentally and numerically.

11.1.2 Experimental Study

An cxpcrimental investigation was performed to characterize the influence of interface
degradation on the performance of PZT actuators surface mounted onto a metal structure. Major
focus was given to the cffects of bondlinc degradation on the signal of PZT actuators. The effects

of degradation size, shape and location underneath the PZTs were investigated.

I11.1.3. Test Setup and Procedure

Thc analysis of the bondline integrity of PZT actuators was performed by mounting PZTs onto a
mctal structure. The electro-mechanical coupling between the PZTs and the structure was
achieved with an interfacial conductive adhcsive layer. In Figure 15 is shown a scheme of the
test setup. Five PZT ceramics discs were bonded to 520.6mm side square aluminium (Al) plates
in the pattern shown in Figurc 15. The center disc was used as the sensor and the four pcripheral
discs wcre used as actuators and placed at a distance of 255mm from the sensor. The pcripheral
discs were sct at a distance of 80mm from the edges of the plate to avoid undcsired boundary
effects in the study. The PZT sensor disc was fully bonded to the plate as shown in Figure 14,
while the actuator discs werc bonded to the plate according to specific intcrface designs
discussed in section I1.1.4. The PZT sensor/actuators and the metal platc were simultaneously
grounded and connected with a Smart Suitcase (Acellent Technologies) which had a built-in
function generator and amplifier. A narrow band tive-burst diagnostic signal was generated from
each actuator by applying a voltage across thc thickncss of the PZT discs. Expansions and
contractions werc gencrated within thc PZT actuators, transferring clastic wavc energy (Lamb
waves) into the substrate. These waves propagatcd into the Al plate and were transmitted to the
PZT sensor which expanded and contracted giving rise to a voltage across its thickness. Thc
voltage was detected and analyzed. The five cyclc tone-burst wavcforms were set with centcr

frcquencies ranging from 100KHz to SO0KHz.




11.1.4 Bondline Designs

The intcrface degradation was investigated as partial dcbonding of PZT actuators from a host
substrate. For this purpose, several interface dcsigns werc choscn in order to represent diffcrent
bonding conditions. Particular attention was given to the debonding area, shape and location
underneath the PZT actuators. A PZT disc (9.5mm in diameter and 1.24mm thick) fully bonded
to a supporting Al plate had a total contact area of 17.7mm? (A;) with a 50um thick adhesive
intcrface. This was taken as the refcrence PZT bondline for the study.

Two sets of samples were designed to investigate the cffcct on the PZT disc signals due to: 1)
interface debonding and debonding area increase (Set [), 2) debonding shape and location (Set
I). In Figurc 16 is the schematic-of Set [. These samples are representative of PZT actuators
with a partially degraded interfacc and were designed to investigate the coupling effect due to an
increasc in intcrface degradation (debonding area increase). For this purpose, an asymmetric side
debonding, starting from an edge of the PZT interface and propagating toward the center was
chosen as the case study (Figure 16). Debonding areas were set to: 10% (contact area A;
15.39mm2), 30% (contact area A; ll.97mm2), and 50% (contact area A4 8.55mm2), with respect
to thc A, contact arca in a fully bonded PZT. The effcct of debonding shape was studied by
means of samples in Set II, where a constant 20% debonding area (contact area As 13.58mm?)
was varicd in shape and the fully bonded PZT was used as a rcference actuator. The debonding
shapes are shown in Figure 17 and are defined as: 1) Type S2: centered debonding, 2) Type S3:
two side debonding and, 3) Type S4: edge debonding. The center debonding was located in the
center of the PZT actuator, the two side debonding started at two opposite sides of the bond
interface and propagatcd toward the center, and finally the edge debonding involved the entire

perimeter of the PZT bondline. The interface thickness in Set 1 and Set 1 was kept constant at

S50pum.

I1.1.5 Bondlines Fabrication

PZT discs were bonded to the Al plates with CW2400 two-part conductive epoxy adhesive (ITW
Chemtronics) in order to maintain electrical contact with the metal structure. Isopropyl alcohol
was used to clean the bonding areas after slightly polishing the Al surface to remove the
superficial oxide layer on the plate. The major issue in the fabrication process was the control of

the contact areas. A Teflon mask was used for this purpose and was cut in the shape of the




desired debonding area. The mask was applied onto the PZT surfaece before spreading on the
eonductive adhcsive. The PZT was then placed onto the Al plate and was bonded by applying a

uniform pressure. The adhesive was left to cure for several days under room temperature

eonditions.

I1.1.6. Numerical Study

A speetral element method (SEM)** was used to analyze the interface degradation of
piezocleetric sensor/actuators operating in acoustic-ultrasonie frequencies. The main feature of
the SEM code is that it adopts high-order interpolation functions with partieular quadrature rules
enhancing the solution eonvergence rate and reducing the required computational time and
memory space’*.

The cffects of interface debonding were studied with a model based on a simplified 2-D strain
condition as shown in Figure 18a. The model was based on a thin Al plate with surface mounted
piezoclcctrie dises. The Imm thiek aluminum plate has sufficiently large dimensions in the x;

direction compared with the dimensions in thex;and x; directions. The piezoelectric sensors

with the x; poling direction are running parallel to the x, dircction. Thercfore, this study can be
assumed to be in the state of plane strain deformation under PZT actuation, wherein the
displacement in thc x, axis disappears. To embody the plane strain state using thc 3D elemcnt,
very thin element dimensions along the x, direetion were assumed and all x, direetion degree of
freedom wcre constrained. The PZT eeramies were assumed to be 6mm wide (x; direction) and
0.25mm thick (x; direetion). Five node numbers through thickness are set and then the numbers
increase along the wave propagation direction. The bondline thickness was set to 100 pm. In all
eases, sensors, actuators, inputs, and struetural conditions were identieal in all the simulations,
exeept that an asymmetric debonding (Figurc 18b) was located in the actuators bondline with
0%, 10%, 25%, 33% and 50% debonding arcas. A five cycle tone-burst waveform with a center
frequency ranging from 100 kHz to 500KHz was used to actuate the PZT and generate a
fundamental symmetric and anti-symmetric Lamb wave in the aluminum plate that was detectcd
by the PZT sensor. )

The eleetro-meehanical properties of the piezoelectrie material type 850 were available from
Ameriean Piezoceramies Ine., and typical Al properties (Young’s Modulus = 69 GPa, Poisson’s

ratio = 0.33, density =2700 kg/cubie meter) were used for thec numerieal computation.




Calculations wcre performed using a personal computer: Pentium 1V 2.66 GHz CPU, 512 MB
RAM and Compaq Visual Fortran 6.1. The Young’s modulus, Poisson’s ratio and density of the

conductive epoxy were assumed to be 2.66 GPa, 0.33 and 1100 kg/ cubic meter rcspectively.

I1.1.7 Results and Discussion

Rcported here is thc experimental and numerical responsc of PZT actuators with a degraded
interface, under dynamic excitation in acoustic-ultrasound range. It is shown that energy losses
and signal changcs may occur due to interface degradation and that these changes depend on the
actuation frequencics in respect to the PZT resonance frequency. These results suggest that it is
important to consider the interface degradation to guarantee the reliability of the response in
SHM systems. Here the interface degradation is assumed to be a local debonding of the interface
betwcen the PZT ceramics and the hosting structure. The effects of debonding extent, location

and shape underneath PZT actuators are also presented.

11.1.7.1 Experimental Results

Figure 15 shows a scheme of the experimental test setup. The Al plate is simply supported at its
basc and insulatcd from extcrnal vibrations. The PZT scnsors and actuators were mounted on the
platc with the pattern described in section 11.1.3 and according to the interfacc designs described
in section [1.1.4. A top view imagc of a PZT disc is shown in Figure 19b. Typically, PZTs are
sandwiched between silver paste clectrodes on each side which supply a uniform charge across
the surface of the PZT. The bottom electrode layer was electrically connected to the grounded Al
plate with a conductive adhesive interface which was designed and fabricated with the procedure
described in section II.1.4 and [I.1.5. The upper electrode was soldered and connected to the
Smart Suitcase. The Al plate was grounded. In Figure 19¢ is a Scanning Electron Microscope
(SEM) image of a conductive adhesive interface which is made out of two mixed parts (part A
and part B). An Electron Microscopy characterization was performed to measure the interface
thickness of the PZT actuator surface mountcd to the Al plate. For this purpose, a sample
specimen was built and cut along a vertical plane (orthogonal to thc bondline plane) to have a
direct view of the interface. In Figure 19b is an SEM image of the cut specimen which shows
from the top to the bottom: a) the PZT actuator, b) the interface and, c) the Al plate. The

rcference interface was measurcd to be 7um thick. The study involved analyzing the sensor




signals (PZT sensor in thc center of the plate as in Figure 18) due to independent actuations of

thc 4 neighboring PZT actuators.

11.1.7.1.1 Effects of the Interface Debonding

The effect of a debond and of the debond extension underneath an actuator on the actuator’s
ability to generate and propagate diagnostic signals was studicd. An asymmetric interface
debond was found to lead to energy losses which are dependent on the extension of interface
damage and on the actuation frequency.

The reference actuator signal was compared with the signals generated by actuators having a
constant thickness and a varying contact area. The set of samples in the analysis was Set 1
(Figure 16). An asymmetric side was growing toward the center of the PZT disc reaching a
maximum 50% debonding area. In Figure 20 are rcported the results of tests performed on PZTs
having a 10%, a 30% and a 50% debonding area (interface: Type A, Type A; and Type Ay) for
an actuation frcquency of 300KHz. The signal’s phase was affected by a debonding area
increase. A signal delay was observed with increasing dcbonding area as shown in Figure 20,
which reachcd an 18% dclay in the case of 30% dcbonding. The sensor signal amplitude was
observed to decrease linearly with increasing debonding area reaching a 62% decrease for a 50%
debonding. The amplitude change was also found to be sensitive to the selectcd actuation
frequency. The analysis for a frequency range of 100KHz to SOOKHz is reported in Figure 21. A
100% amplitude in the graph corresponds to a fully bonded PZT actuator (no debonding, contact
area A|) and is compared with amplitudes of PZT actuators with 10%, 30% and 50% debonding
area (A2, A3, A4). The test results show that there is a linear signal amplitude decrease for higher
actuation frequencies (250KHz and 300KHz) reaching a 73% amplitude decrease at 250KHz
and 50% debonding area (PZT-Type A4). The rcsponse was different at lower actuation
frequencies (between 150KHz and 200KHz). For a 30% debonding and frequencies below 300
kHz within the selected test range, the actuator suffered most significantly from energy loss in
signal transmission. At low frequencies the signal amplitude decreased until it reached a 30%
decbonding size. This phenomenon is suspected to be associated with the natural resonance
frequency of the bonded actuators which in this case is 210KHz. When a PZT actuator is fully
bonded to a thin metallic structure (e.g. contact area A), shear strain motions are predominant

and generate Lamb waves within the hosting structure. However, out-of-plane motions are also




involved and are transferred into the structure due to energy coupling and boundary effects. The
result is a Bessel-like vibration mode. The behaviour changes when a PZT actuator is partially
debondcd (e.g. contact areas Aj, A; and Ay). In these cases, the bonded areas still follow a
Bessel-like vibration pattern, while the motion in the debonding area is characterized by a modal
vibration similar to the one of a cantilever. This affects the displacements in the debonded
region which arc higher in comparison to the oncs of the bonded arca and recsult in strcss
concentration at the singular points as later discussed in section II.1.7.2. The reduced coupling
between the debonded PZT actuator and the structure results in a reduced displacement in the

bonded region and so in a reduced signal amplitude.

11.1.7.1.2 Effects of Debonding Shape

In scction 11.1.7.1.1 it was shown that a partial dcbonding of the intcrface of a PZT actuator
surface mounted on a thin Al plate affects the sensor signal amplitude and phase for a wide
frcquency rangc. Here is discusscd the effect of different debonding shapes and location
undcreath the PZT actuators on the signal. The samples in thc analysis.are the ones of Set 11
where the dcbonding area was set to 20% whilc the shape and location underncath the actuators
was made to change (Figurc 17). The test was performed with the same approach described in
section I1.1.7.1.1. The sensor signals werc recorded and compared with the reference signal of a
fully-bonded PZT actuator. In Figurc 22 is shown the effect of different debonding shapes for a
given dcbonding area. The plot shows the measured sensor signals corresponding to an actuator
input at 250 KHz which is around the resonance frequency of the PZT actuator. It is clear that
the amplitude of sensor signals was affected by the debonding shape, but the phase of the signal
did not change as obviously as the amplitude. The highest phase amplitude change was observed
to be only 0.75% for a side debonded PZT actuator. Figure 23 shows the effect of debonding on
thc sensor signal amplitude at a 250 KHz actuation frequency. The signal amplitude of the
rcference PZT is taken as 100% (reference) and the amplitudes of the other debonded PZTs are
plottcd against this reference value. The edge debonding induced the smallest amplitude drop
(12%) among the threc debonding shapes compared. Actuators with dcbonding from two
opposite sides suffered thc most significant decrease in amplitude (24%) probably due to strcss

concentrations at the singular points (see section 11.1.7.2).




11.1.7.2 Numerical Study and Comparison with the Experimental Analysis

The results of a simplified two-dimensional SEM modecl, which was used to validate the
experimental results by studying the cffeet of a debonding underncath the PZT actuators, are
presented here. An asymmetric side debonding, extending toward the center of the PZT actuator
was investigated. In Figurc 24a is shown the scnsor signal over time for a fully bonded PZT and
partially debonded PZTs with 10%, 25%, 33% and 50% debonding areas actuated at a 100KHz
frequency. The sensor signals changed in terms of amplitude and phase when the PZT actuators
were debonded from the Al plate, according to the experimental results. The signal amplitude
varies with increasing asymmetric debonding size. It is also shown that the observed
phenomenon depends on the actuation frequency. This can be scen by comparing Figure 24a and
Figure 24b that show the plot of signal amplitude vs. time in the case of a 100KHz and S00KHz
actuation frequency, respectively. In this case, an increase in sensor signal strength with a 50%
debonding size was observed at a SOOKHz frequency. This is in agrcement with the experimental
results discussed in section [1.1.7.1.1, where it was shown that both amplitude and phase of the
sensor signal were strongly affected by the increase in the debonding area and that these changes
were also sensitive to the cxcitation frequencies. In particular, the experimental results clearly
showed the decrcase of scensor signal with an increase in the debonding arca. However, at some
cxcitation frequency ranges, after a drop of the scnsor signal strength caused by the debonding, a
further increase of the debonding arca resulted in an enhancement of the sensor signal strength.
The numerical simulation confirmed such behaviour as shown in Figurc 24b, where, with
increasing debonding size, the sensor signal strength first decrecased and then increased.

In order to clearly observe the changes in the sensor signal strength because of the interface
debonding, maximum amplitude of the sensor signal measured against the asymmetric
debonding size is described in Figurc 25. The maximum amplitudes arc normalized by the
maximum amplitude of a fully-bonded PZT (0% dcbonding area). The decreasc/inerease trends
of the maximum amplitudec with debonding arca size arc shown in cxcitation frequency ranges
between 100kHz and S00kHz, according to the experimental analysis. At excitation frequencies
lower than the PZTs natural frequency, the numerical trend is in agreement with the
cxperimental results showing a drastic drop in the maximum signal amplitude for a 33%

debonding area and showing a maximum amplitude increase for higher debonding areas (50%




debonding). This numerical result can be observed in Figure 25a, 25b and 25¢ between 100KHz
and 300KHz and can be comparced with the experimental study in Figure 21 (between 150KHz
and 200KHz). This frcquency range offset between the numerical and experimental result is due
to the fact that the natural resonant frequency of PZTs settles at 210KHz and 330KHz for the
experimental and numerical study respectively.

Furthermore, the numerical simulation showed that at frequencies 100KHz and 200KHz much
lower than the resonance frequency (330KHz), the maximum sensor signal amplitude for a 50%
debonded PZT is amplified with respect to the fully bonded PZT. While for frequencies closer
to the resonance frequency (300KHz and 400KHz), a 50% debonding area is characterized by a
signal amplitude lower than thc fully bonded PZT (0% debonding). This result is in agreemcnt
with the experimental data, where the signal strength of a 50% debonded PZT excited at a
frequency near the resonance frcquency (210KHz) is lower than the signal strength of the fully
bonded PZTs (0% debonding). At frequencies higher than the resonance frequency, both
experimental and numerical data show a maximum signal strength decrease. However, in these
cases it was observed that the numerical data predicted a different “trend” in comparison with the
cxperimental data. A maximum drop of signal strength for low dcbonding areas (10%) was
recorded but further incrcase in the decbonding area showed an increasc of the signal strength.
The different trend between the experimental and numerical data at frequencies higher than the
resonance frequency, is explained by the fact that as the wavelength of the strcss waves becomes
closcr to (in the ordcr of magnitude) or smaller than the size of the actuators and sensors, the
intcrface properties can have a significant effect on the responses of sensors and actuators. The
SEM model used in this analysis was based on a simplified two-dimensional model which loses
accuracy at higher frequencies.

As discussed in section I1.1.7.1.1, a PZT with a debonded interface can be interpreted as a
complex structure with a region that is fully bonded to the structure and another region that is
decbonded and behaves likc a suspended cantilever. In Figure 26 is reported the stress analysis of
a 50% asymmetric debonded actuator interface. The analysis was performed with the SEM-bascd
codc. In Figure 26a is shown the actuation signal (voltage) vs. time at 200KHz. The analysis was
pcrformed at 12usec which is highlighted in the signal curve. In Figure 26b and 26¢ are shown
the inter-layer shear stress distribution and the normal stress distribution, respectively. This result

clecarly shows that stress concentrations occur at singular points like thc bonded free edges.




These stress concentrations may be the cause of energy losses and thus of a strength reduction in

signal amplitude.




I1.2 Carbon Nanotubes Coated Piezoelectric Actuators

Recent development of sensor technology for structural health monitoring (SHM) requires
bonding or intcgrating sensors onto the structures. Bondline integrity of these sensor interfaces
critically affects the pcrformance of the underlining structural health monitoring systems.
Piczoelectric ceramics (PZT) are widely selected for such an application’”*® and are normally
coupled to the structure through a thin adhesive layer. Piezoeclectric elements could be used as
both an actuator to expand and contract generating elastic waves into the structure and as a
scnsor to measurc dynamic strains of the structurc. Obviously, a loss of interfacial integrity
betwcen the PZTs and the structure would result in a reduced scnsor/actuator signal strength,
which can have a detrimental effect on the SHM systems*'.

Normally a PZT is sandwiched between two silver paste layers (SP) and bonded to the structure
with a thin polymer adhesive (Figure 27) layer. The SP layers play the role of electrodes that are
used during the polarization and the inservice life of the PZT actuators. PZTs are normally
polycrystalline in nature, which means they do not have piezoelectric properties in their original
state. The piezoelectricity is normally induced in these materials via a poling procedure which
consists of applying high dc electric fields using the SP layers as clectrodes. The SP. electrode
(about 6um thick) is madc out of silver and glass particles. The paste is spread onto the PZT and
fired on at high temperatures (560°C). The problem is that the rcsulting electrode is weakly
bonded to the PZT and can easily be peeled off causing debonding of the PZT from its
supporting substrate. Thcrefore it is desirable to reinforce the interface betwecen the PZT and the
SP clectrode.

Furthermore, the latest sensor network tcchnologies are working toward the integration of
smaller and smaller actuators and sensors (down to the microscale) into large networks*™*.
Toughening or rcinforcing the bondline strength of microscalc scnsors and actuators on
structures is becoming a major challenge.

It has been demonstrated in the literature*® that the mechanical properties of materials at the
interface can be enhanced by inserting a filler material uniformly dispersed into thc adhcsive.
The filler material must satisfy four main requirements: a) large surface area per unit mass, b)
good dispersion, c) alignment and d) interfacial stress transfer. Carbon nanotubes (CNTs)*® are

considered to be an idcal filler material for mechanical reinforcement because of their interesting




mechanical properties and their extremely large interfacial area. Polymer/CNTs composites
(e.8.*****7) have shown many promising results.

In this report a new design is presented to reinforce the bondline of PZT actuators with CNTs.
Fabrication techniques were developed for the realization of the proposed design and will be
discussed in this report together with interface design and the mechanical study of the CNTs-

based interface.
I1.2.1 Design and Realization

11.2.1.1 Introduction

44‘48'49), however uniform

CNTs composites have shown promising results in recent years (e.g.
dispersion and alignment of CNTs in the hosting matrix is still one of the major problems. CNTs
have the tendency to agglomerate, bundle together and entangle, leading to defects in the
polymer composites®™>'. Single CNTs should be isolated, individually coated with the polymer
and oricnted in a desired direction*. The technique that is mostly in use today to produce CNTs
composites is to disperse CNTs in a hosting material before aligning them. Usually dispersion is
achieved by energetic agitation of CNTs in solvents and in the hosting polymer (e.g. °'

52.53.54.46.55 5657.58.5960 21d. magnetic

), and alignment is achieved with the use of electrospinning
fields®'*2* melt processing®™, mechanical stretching®, shear®, extruding®’ and spin casting®®.
Even though these approaches have shown a lot of improvement, results are still not fully
satisfactory. Alternative solutions need to be investigated in order to truly align and disperse
CNTs in a hosting polymer. '

In this report a unique design of a carbon nanotube-coated PZT (C-PZT) is presented. The
fabrication approach is based on pre-aligning and constraining CNTs onto the bondline prior to
embedding them into the polymer adhesive. The advantage of this approach is that it can be
easily scaled up to larger areas and to a broad range of bonding surfaces, which makes it suitable

for structural as well as electronic applications.

11.2.1.2 Problem Statement
In this investigation, it is proposed to develop a new conductive coating made out of oriented

carbon nanotubes (CNTs) in order to replace the SP electrode of standard PZTs and improve the




bondline integrity (figure 28). The approach is to develop appropriate fabrication techniques to
inscrt ontentcd CNTs into the bondline and to conduct mechanical tests to evaluate the interfacial
strength of a CNTs-coated PZT actuator (C-PZT) mounted on a hosting structure.

In section 11.2.1%, the focus of the discussion will be on the fabrication techniques. The testing

and the test results will be presented separately in section 11.2.2%.

11.2.1.3 Method of Approach

The major tasks in the development of the CNT-reinforced intcrface include: (1) design of the
CNTs film carpet; (2) fabrication of CNT-reinforced interface. The main idea of the interface
design is to eliminate thc weak link in the bond and reinforce the adhesive layer. With this in
mind, one of thc two SP electrodes is replaced by a high density nano-electrode array of aligned
Carbon Nanotubes (CNTs-NEA), which simultaneously play the role of being an electrode as
well as a reinforcing filler material. A scheme of the interface design is shown in Figure 27b.
CNTs are uniformly dispcrsed and oriented into the adhesive polymer with their longitudinal
axis perpendicular to the PZT surface.

The main challenge in the tabrication process is to achicve a uniform dispersion and alignment
of CNTs in the bond adhesive. Here is presentcd a ncw approach to control CNTs orientation,
dispersion and distribution in an adhesive bond. The key elcments of the approach are: (1)
integrate and constrain a Pre-Aligned CNTs (PACNTSs) film into the adhesive polymer, as
schematically shown in Figure 29, and (2) make use of the strong capillarity effect that
characterizes the CNTs carpet. In this way the adhesive polymer is fully absorbed by the CNTs
nanochannels, wetting each single CNT and maintaining their orientation; moreover CNTs
migration and aggregation during the embedding and curing process is avoided (Figure 29b).
With this in mind, the first step is to coat one of the two surfaccs which are part of the bond (PZT
for this specific application) with a thin film of aligned CNTs, thereby constraining the CNTs
tips to the PZT (Figure 29a). The next step is to drop a polymer adhesive onto the film to bond
the other surface (metal structure in this case).

There are two possiblc approaches that could lead to a polarized PZT coated with a CNTs carpet:
(1) direct CNTs growth onto a polycrystalline PZT surface, or (2) coat a polarized PZT with a
CNTs carpcet. In the first case the PZT polarization can be achieved after the growth process
through the CNTs-NEA, while in the second case the PZT polarization can be achieved by




means of a sacrificial silver paste electrode which is then removed and rcplaced by the CNTs-
NEA, at room temperature.

A high- and a low-temperature process were developed for the first and the seeond method,
respectively. The high-temperature proeess consists of growing aligned CNTs directly onto a
polyerystalline PZT surface, while the low-temperature approach consists of transferring a film
of oriented CNTs at room tcmperature from a substrate onto a polarized PZT with the help of an
ultra-thin conductive adhesive layer. In this way electrical contact between the PZT and the
PACNTs film is maintained. A schematic of the process for the realization of the C-PZT is

represented in figure 30.

11.2.1.4 Fabrication Process

Piczoeleetrie disks with silver paste electrodes were seclected as the baseline PZT material. PZTs
(material type 850) with a diameter of 6.35mm and thicknesses of 250um (t-PZT) and 750pum
(T-PZT) were used for the low-temperature proeess. PZTs with 9.5mm diameter and a thickness
of 1.24mm werc used for the high-temperature study.

Scveral substrate types were investigated. The substrates in analysis for the two fabrication
approaches are shown in Figure 31g and 31b. The standard substrate is a PZT coated with the
silver paste electrodc. The second type is a bare PZT and the third is a bare PZT coated with an
AmSi or SiO; layer. The bare PZT is made by pceling off the original silver paste clectrode.
Pecling for T-PZTs is achieved via mechanical polishing using a diamond foil on a rotating plate,
while for t-PZT it is achicved by etching the silver paste in a nitric acid bath. The etching process
is chosen to avoid further and uneven PZT thinning. In this ease only the SP electrode is brought
into contact with the acid in order to minimize chemical variations in the PZT material. The
Amorphous Silicon (AmSi) layer was deposited with an c-beam evaporation system, and a
Plasma Enhanced Chemical Vapour deposition process was adopted to deposit the SiO, layer.
For the low-temperature method a 1pm thick AmSi layer was deposited, while for the high-
temperature approach variable AmSi and Si10; thicknesses were deposited in order to study and
optimize the CNTs growth on the PZT surface. Thicknesses ranged from 78A to 1 um for the
Si0; layer, and from 500nm to 1pm for the AmSi onc. Iron eatalyst nanoparticles (24A) were
evaporated onto the as-prepared substrates and oriented multiwalled Carbon Nanotubces

(MWNTs) were grown with a Thermal Chemical Vapour Deposition (CVD) process in a SOmm




diameter horizontal quartz tube furnace. Oxygen-free Argon is injected to purge the air and the
temperature was increased and stabilized at a pre-set value (700°C) for 10 minutes. Ethylene gas
was used as the hydrocarbon source and was diluted with Hydrogen/Argon for higher
temperature growths. Argon/Hydrogen was flown again prior to lowering the temperature to cool
down the sample. The same procedure was adopted to grow MWNTs forests on silicon chips
that had been previously cleaned with Piranha and Hydrochloric Acid. However, in this case the
temperature was raised up and stabilized to a pre-set value of 700°C. Ethylene gas decomposed
at high temperature, forming a forest of oriented MWNTSs on the Fe catalyst nanoparticles. The
MWNTs were weakly bonded to the silicon chip.

A conductive adhesive (silver adhesive —CG) layer was spread onto the PZT surface and
thinned down to 50nm-1pm (Figure 31h). The silicon chip, coated with the MWNTs forest, was
rcversed on top of the PZT substrate (or vice-versa) and the two parts were slowly brought into
proximity with cach other. As soon as contact was made, the Si chip was instantly removed,
effecting the transfer of the MWNTs film onto the PZT surface (Figure 32 and 30). The
transferred PACNTs were either pre-patterned on the Si chip before printing (Figure 33a) or
were patterned to the desired shape after printing (Figure 33b). Patterning, before printing, was
achieved by growing CNTs only on preselected areas by selectively depositing Fe nanoparticles.
This was done with the help of a shadow mask (Figure 33e and 33f) or with a standard
photolithography process (Figure 33¢ and 33d). Aligned CNTs were then grown on the patterned
catalyst area (Figure 33g). Patterning after printing was achicved with a thin Kapton mask coated
with a Silicone layer that was brought in contact with the tips of the transferred PACNTs (Figure
33c) and then lifted off (Figure 33d).

After patterning, the CG layer was eithcr cured at room temperaturc or cured on a hot plate for
10 minutes at 120°C. In this way the CNTs tips were constrained onto the PZT substrate.

The PZT actuator was then bonded to a metal structure (iron cubes with 2mm sides) with a non-
conductive structural adhesive (NC) polymer (Hysol EA 9396). Several challenges made the
bonding process a difficult step: 1. contact area control, 2. bond thickness control, 3. uniform
dispersion and orientation of the CNTs in the hosting adhesive. The approach is represented in
Figure 34. The contact area was controlled with a Teflon mask (Figure 34a) which was placed
around the PACNTs film. A small amount of adhesive was dropped onto the film (Figure 34b).

The metal was mounted on a micro-manipulator, placed on top of the PACNTS carpet and slowly




brought into contact with the C-PZT (figure 34c). The bond thickness was controlled by
controlling the vertical displacement of thc micro-manipulator and by monitoring its gap from
the PZT substrate. This method could be adapted to large metal areas by mounting the PZT,
rather than the metal, onto the micro-manipulator and by dropping the adhesive polymer onto the

mctal instead of the C-PZT.

11.2.1.5 Results and Discussion

Hcre are discussed the low- and high-temperature processcs that were developed to insert a high
density array of oriented CNTs in a structural bond. The low-temperature approach consists of
printing a CNTs film from one substrate to any other substrate with a low-cost, simple and
reliable technique. It has the potential to be used for small and large area applications. The high-
temperature process consists of growing a thin film of aligned CNTs directly on one of the two
surfaces which are part of the bond.

The next scctions provide a step-by-stcp analysis and discussion of the developed processes,
which include: (5.1) PZT substrate preparation results, (5.2) realization of the polycrystalline C-
PZT with the high temperature process, (5.3) realization of the polarized C-PZT with the low-

temperaturc process, (5.4) integration into adhesive polymer: dispersion and alignment.

11.2.1.5.1 PZT substrate preparation results

Here are discussed the results of the chemical treatment and mechanical polishing approach that
are adopted to peel the silver paste (SP) electrode that coats standard t- and T-PZTs respectively.
Particular focus was given to the effect of the adopted process on the chemical content and
microstructurc of the PZT (Lead-Zirconate-Titanate) material. The chemical treatment was
optimized by running experiments in: (a) Nitric acid and; (b) Nitric acid followed by
Hydrofluoric acid (HF) baths for a variable time (up to 2 hours). The main result of this study is
that only Nitric acid can be used to peel the SP electrode. In this casc no meaningful variation of
the PZT microstructurc and of the PZT elemental content was obscrved. The PZT surface was
affected by the HF solution and this effect was stronger for longer etching times. Figure 35
shows the X-Ray Intcnsity vs. Encrgy for an untreated PZT, and for a PZT treated in HF for two
hours (Figure 35a). The analysis shows a change in the PZT elemental content. In particular, a

194% and 176% relative decrease in 7i and Zr content, respectively, and the appcarance of the




peak are observed in the case of treated PZT. These results were confirmed by the analysis of
the PZTs microstructure before and after treatment. A typical PZT morphology was
characterized by a regular assembly of microscopic crystal grains (Figure 35b) which can still be
recognized in PZT samples treated in Nitric acid. A drastic change was observed when PZTs
were treated in an HF solution. In this case the typical PZT crystal structure turned into an
amorphous morphology (Figure 35¢). This effect was again observed to increase with increasing
timce in the HF solution.

The mechanical polishing approach was found to maintain the same PZT elcmental composition,
however, it caused a reduction in PZT thickness due to a smoothing and levelling effect of the

crystal grains.

11.2.1.5.2 Growth of aligned CNTs on a PZT substrate
The CNTs growth process on a polycrystalline PZT surface showed that a carrier layer such as

Si0; or AmSi was needed to enhance the growth and that the process was strongly dependent on
its thickness and tcmperature. Figure 36a is a picture of a PZT before and after the optimized
CNTs growth process. The result is a PZT coated with a high density array of oriented CNTs (C-
PZT) directly grown on its surfacc. The picture shows a macroscopic view of the CNTs carpet
which looks like an ultra-thin uniform black coating (figure 36a), while the Scanning Electron
Microscope (SEM) characterization at the nano-scale showed nanotubes with diameters of about
50-90nm and with a global orientation normal to the PZT surface. The CNTs longitudinal axis
was characterized by an irregular wavincss along its entire length, giving rise to a total film
thickness of 2um-3um. The result in Figures 36a and 36b shows the optimized proccss which
was achicved on a pecled PZT coated with a lum thick AmSi layer. Ethylene was diluted with
Hydrogen/Argon carricr gases at a growth temperature of 820°C. The grain boundarics of thc
ceramic surface give rise to irregularities of the CNTs carpet which can be obscrved in Figure
36b.

The growth dependence on the process temperature was shown in Figure 37 and 38a. Thc insct
on the left comer in Figure 38a shows a scheme of the experimental procedure. PZTs werc
coated with a 1 um thick SiO, layer and growths were done flowing pure Ethylene at increasing
temperatures (from 700°C to 800°C). The SEM characterization (Figures 37a-37f) clearly shows
that the CNTs-density increases with increasing temperature from 700°C to 760°C (Figures 37a-




37d) and at 780°C (Figure 37¢) fibers with diameters of about 250nm are formed. When a
tcmperature of 800°C is reached, CNTs or fiber growth is totally lost (Figure 37f). To quantify
this study, the percentage area covered by the CNTs was calculated from the SEM pictures.
Results are shown in Figure 38a with the dots and with the fitting curve of the experimental data.
The curve plotted the percentage area (A%) vs. temperature. It indicates that when there is no
carricr layer, CNTs growth is totally inhibited. The addition of a carrier layer (SiO; for this case)
allows CNTs growth and this effect increases with increasing temperature (up to 780°C) for a
given SiO; thickness. CNTs growth is also affected by the thickness of the substrate carrier layer;
an increasing thickness results in a density increase. The scheme on the bottom right of Figure
38a shows the cxpcrimental procedure. The growth temperature was fixed at 760°C, while the
substrate thickness (Si0O,) was increased from 7.8nm to 1um. Both SEM images (Figure 38b-
38¢) and the experimental curve (square marks in Figure 38a) show that the CNTs A% increases
with increasing substrate thickness. The analysis of the elemental composition shows that carbon
is thc main element identified along with small traces of oxygen that can be attributed to
oxidation of carbon nanotubes after the growth process.

The high temperature reached during the growth process may cause depolarization of the PZT

crystals which eventually need to be polarized again after growth.

11.2.1.5.3 Printing of aligned CNTs on a PZT substrate
Best results for the realization of the MPZT was achieved with the printing method approach at

room temperature. One of the advantages of this method is that PZT depolarization is avoided
due to the low temperature of the process, so PACNTs can be transferred directly onto a
polarized PZT. With this method, oriented CNTs were first grown on a Si chip and then were
transferred on the PZT surface with the help of an ultra-thin CG layer. The process results were
shown in Figure 39. A film of oriented CNTs was grown on a Si chip (Figure 39a). The CNTs
axcs werc oriented in the vertical direction, perpendicular to the Si substrate and were uniformly
distributed over the entire surface. CNTs showed a homogeneous height of 60um and their
longitudinal axcs had a wavy-likc shapc. Iron catalyst nanoparticles were mainly located at the
tips in contact with the Si substratc showing a predominant bottom-up growth process. The frce
tips of thc CNTs film werc then brought in contact with the PZT surface (coated with the CG
layer). CNTs got transferred owing to the weak CNTs-Si bond and to the higher sticking force




generated by the CG. Figure 39b shows an SEM image of a polished PZT coated with a
transferred CNTs film. A higher magnifieation of the printed film is in Figure 39¢. After the
transfer, CNTs kept their vertical alignment and coated uniformly the entire PZT surface. Iron
nanoparticles were then localized in the free CNTs tips and ean be recognized in the image as the
whiter dots. A scheme of the nanoparticles location is shown in Figure 30. A top view SEM
image of the edge of the CNTs film is shown in Figure 39d. Moving from the bottom to the top
of the image the three overlapped layers are shown: 1) PZT grains, 2) conductive adhesive (CG)
and, 3) CNTs free tips.

The result of the printing study shows that key elements for a suecessful transfer are the pressure
applied during eontaet and the eontaet time.

The pressure applied during printing eould compromise the result. CNTs are known to have, in

compression, a very high deformability (up to 100%)™. However, plastic deformations can oceur

for CNTs films and these deformations may be localized at the CNTs tips for a low L¢/ JA ratio
(Lc being the height of the CNTs and A a square extensional area of the film)”°. Figure 39a
shows an example of a CNTs film, plastically deformed due to the pressure applied during
printing. The loeal deformation is usually uniformly spread all over the entire film area (Figure
39a). The SEM image in the inset (left up) shows a higher magnification of a kink-like plastie
deformation localized at the tips of the CNTs film, as schematically represented in the inset in
Figure 40a.

The contact time may influence the transfer result because the PACNTSs film behaves as a high
density array of nanochannels (Figure 40b), being the average axial distanee between each single
CNT in the film of the order of less than 50nm. The eapillarity effect in a channel inereases with
the deereasing radius and so it is enhanced for the speecific CNTs film in analysis. As a
consequence, when CNTs are brought into contaet with a viseous fluid (like the CG non-cured
layer), they may absorb the fluid along the nano-channels (along the film thickness). A reduced
contact time and a reduced thiekness of the CG layer may reduee such an effeet and enhanee the
transfer results. A longer contact time (order of lsee.) eould fully eompromise the transfer. In
this ease, PACNTs would not be printed on the PZT, they would stay on the Si ehip partially
embedded in CG. In Figure 40b is an example of a PACNTSs film, transferred onto the PZT
surface and with a partial absorption of CG along the film thickness.




CNTs films were sueeessfully transfcrred with eonductive and noneonduetive adhesive
polymers, whieh leads to the adaptability of the proposed approaeh to different kinds of

applieations, adhesive types and bonding surfaees.

11.2.1.5.4 CNTs Alignment and Dispersion
The goal and the challengc were to reinforce the adhesive polymer with uniformly dispersed and

“oriented” CNTs. With the proposed approach the NC adhesive was dropped onto the
frcestanding PACNTSs earpet which was bonded, at its base, to the PZT surfacc (C-PZT), as
shown in figure 34b. A thorough microscopie analysis of the samples was conducted to: a) verify
and understand how the developed proeedure influences the PACNTS dispersion in the adhesive,
b) dctermine whether the PACNTSs orientation was affected by the embedding process, c)
determine whether the PACNTSs were fully embedded into the polymer adhesive, and d) verify if
migration of CNTs happened during the euring proeess. Figure 41 provides side views of a
PACNTSs carpet transferred onto a PZT surface (Figure 41a) and then embedded into the
adhesive polymer (Figure 41b). These images showed that CNTs kept their original wavelike
configuration, alignment, orientation and location after being embedded into the polymer. The
top view image of the same sample also shows (Figure 41d) that each single CNT in the adhesive
was isolated and surrounded by the polymer. This interesting result is due to the fact that: (a) the
polymer was fully absorbed by the nanochannels along the entire channel length avoiding a
dircct loading of the CNTs due to the polymer weight, (b) the adhesive entirely filled up the
nano-spaces along thc CNT heights which avoidcd the formation of voids in the nanocomposite
bond, (¢) the bond between the CNTs tips and the PZT surface avoided the CNTs migration
during the curing proccss. The final result was an adhesive reinforeed with a high-density array
of oriented CNTs whieh were fully dispersed and embedded in the hosting material. In
conclusion the approach of pre-aligning and eonstraining CNTs prior to embedding produced an

optimum result in terms of CNTs dispersion, uniformity and orientation.




I1.2.2 Characterization and Testing
The silver paste electrodes are known to bc a weak link between the PZTs and the hosting
structure since they can be easily peeled-off from the PZT surfaces. In section II.1 it was shown
that a debond between the silver paste coat and the PZT ceramic could not only considerably
affect the PZT actuating performance, but also reduce significantly the load-transfcr capability of
the PZT ceramic actuator to the hosting structure through the adhesive interface’’. To reduce the
risk of bondline failure or degradation at the PZT-silver paste interfacc, Lanzara and

72137475 hroposed to replace the silver paste elecctrodes with a nanoclcctrode array of

Chang
carbon nanotubes as described in section I1.2. The design of the CNTs coated PZT (C-PZT)
consists of a carpet of pre-aligned carbon nanotubes (PACNTS:), transferred onto the PZT surfacc
and oriented perpendicularly to the bondline. The PACNTS carpet is used at the same time as an
electrode and to reinforce the interfacial adhesive layer of the PZT sensors/actuators. Very little
study has been devoted in the literature to the use of PACNTs as an electrodc as well as a
reinforcing element for PZT actuators. Randomly mixed CNTs with an cpoxy rcsin showed a
45% increasc in adhesion strength compared to a graphite fiber composite interface’®. This result
showed that dispersion and alignment of CNTs in the polymer are key parameters that affect the
bond shear strength significantly.

In this section, the mechanical behavior, particularly the shear strength, of the C-PZT actuator
was characterized. The results for a high density array of PACNTSs and randomly mixed CNTs

are shown and compared with the case of an adhesive layer without CNTs. The dcpendence of

the shcar strength and the failure mechanisms on the interface microstructure is investigated.

11.2.2.1 Problem Statement

The mechanical response of a carbon nanotube-coated PZT (C-PZT) interfacc® o Bookmark not
defined. < investigated. The CNTs are used as conductive electrodes to replacc the silver pastes on
the PZT surfaces and as rcinforcing elements for the interface. Figure 42 shows thc schematic of
a C-PZT where a PZT ceramic disc is bonded to a substrate with an adhesive reinforced with a
pre-aligned (PACNTS) carpet. It is to be noted that the silver paste electrode was removed from
the PZT surface before the PACNTs carpet was mounted. The objective of thc study is to
evaluate the strength of the bondline between the PACNTSs and the PZT. The response of the C-

PZT interface was compared with the standard one and with the one of adhesive mixed with




randomly distributed CNTs. Major focus of thc mechanical tests is given to the interfacial shear

strength and to the bond failure mechanisms.

11.2.2.2 Sample Design

An important aspect of this study is the design of the samples to be used to investigate the
mechanical response of the bondline of a C-PZT surface mounted on a metal structure and to
compare it with other bondline compositions. The major difficulty in this investigation was to
test the shear strength of the C-PZT bondline avoiding PZTs failurc due to their brittle nature.
With this in mind, samples werc designed in a way to avoid direct loading of the PZT ceramics
and guide failure only into the C-PZT/metal structure interface. Figure 43 shows a scheme of the
proposed sample design where a PZT disc is fully bonded to a Brass cube (10mm side) on one
side and partially bonded to an Iron cubc (2mm side) on the other side with Hysol EA9396
cpoxy adhesive, which is a standard adhesive uscd in aerospace applications. The Fe cube is
rcpresentative of the metal structure. The adhesive between the PZT and the Fc cube is
reinforced with CNTs. With this design shear loads were applied directly to thc Fe cube
avoiding, as dcsired, dircct loading of the PZT ceramic. Moreover the smaller contact area
between the PZT and the Fe cube guarantcces that failure occurs in that interface only.

The aim is to compare the following bondlines: 1. C-PZT fabricated with the low and the high
temperature processes presented in ref.72 and bonded to the structure with the adhesive polymer;
2. standard PZT surface coated with silver paste electrodes and bonded to the structure with the
adhesive polymer; 3. bondline reinforced with randomly distributed CNTs into the adhesive
polymer. For this reason samples with three different PZT substrates and adhesive compositions
were studied as schematically shown in Figure 44. The PZT substrates were: 1. Standard PZT,
2. Bare PZT (rcquired for the low temperature process’?) and 3. PZT coated with an Amorphous
Silicon (AmSi) layer (required for the high temperature process’>). The adhesive compositions
were: 1. baselinc adhesive (Typc I); 2. adhesive reinforced with randomly mixed CNTs (Type II
and 111) and 3. adhesive reinforced with PACNTSs (C-PZT) (Type IV). Sample types II and 1II
differ in the volume of CNTs, which is equal to or twice that of the oriented CNTs case (Type
IV). All the 12 possiblc combinations of substrate type and adhesive compositions were studied

for a total number of 43 samples. It is to be noted that C-PZTs fabricated with the high




temperature process prcsented in ref. 72 were indirectly tested by testing the mechanical

response of C-PZTs coated with an AmSi layer and with transferred PACNTSs %,

11.2.2.3 Sample Preparation

Piezoelectrie (PZT) discs, material type 850, that are coated with silver paste electrodes were
selected as the baseline PZT material. The PZTs have a diameter of 6.35mm and thicknesscs of
250pm (t-PZT) and 750um (T-PZT).

Samples were prepared by first bonding the Fe cube to the PZT and then bonding the PZT to the
Brass cube. The bonding area between the PZT and the Fe cube was controlled by means of a
Teflon mask which was placed onto the PZT and around the PACNTSs prior to bonding the Fe
cubc”’. The images of the samples during fabrication are shown in Figures 45a, 45b and 45c.
The interfacc rcinforced with PACNTs and the substrates were fabricated by the method
described in ref. 72. The interface reinforced with randomly mixed CNTs was fabricated by
dropping a predefined volumc of adhesive polymer onto a CNTs earpet and by stirring the
mixture with high energy. The mixture was then dropped onto the Teflon mask which was
mounted on the PZT surfaee prior to bonding the PZT to the Fe cube with the method described

in ref.72. In Figure 44e is a picture of the samples prior to testing.

11.2.2.4 Testing Fixtures

The primary goal of this work is to characterize the shear strength of the C-PZT actuator
bondline and compare it with the onc without CNTs and with randomly mixed CNTs. The major
challenge is to measure the shear strength at a local seale for the very small interfacial areas
involved. For this purpose, speeial test setups were chosen and adapted to this study by designing
appropriate fixtures. The main idea is to perform tests by loading the interface, in shear, up to
failure. A Miero Hardness Tester (MHT) and a Delaminator were chosen for this purpose. These
instruments ean apply low compressive and tensile loads and are mainly used for local analysis
in very small areas. Figure 46 shows the MHT test setup. Typieally a MHT econsists of an
indenter tip that ean move in a vertical direction and apply a predefined load in compression.
For this study, a 2mm diameter Tungsten Carbide (WC) flat indenter was designed in order to
apply a uniformly distributed load to the Iron cube. A mechanical grip was used to hold the Brass

cube tightly at its base and to keep the interface in a vertical plane (Figure 46a). The grip was




part of a movable stage which allowed the control of the sample location along the horizontal
plane.

The Delaminator set-up is shown in Figure 47. The set-up consists of an actuator and a load cell
placed along the same horizontal axis. The actuator can move to provide tension on the Iron cube
sample while the load-cell, which is fixed at the other end and houses the sample, measures the
load. Two special grips were designed and fabricated. The first grip was used to house the Brass
cube sample (see Figurec 47) with the help of a 3mm ¢ screw and hold the interface in a
horizontal plane during the test, parallel to thc loading direction. The second grip was used to
apply a shear load to the Iron cube by bringing the inside edge of thc grip in direct contact with
the Iron cube during testing (as shown in Figure 47). These special grips are connected to the
load cell and the actuator respectively with the help of 4mm pins which allow rotation of the

grips around the pins axis during testing (see Figure 47).

11.2.2.5 Test Procedures

To characterize the bond shear strength of the PZT actuator interface, a shear load with
increasing intensity and up to failure was applied to the Iron cube while the sample was held in
the mechanical grip of the MHT and in the load cell of thc Delaminator. The failure loads were
recorded and the shear strength of each of the tested samples was calculated by dividing the
failurc loads with the corresponding contact area. Contact arcas were determined by means of
scanning electron microscopy (SEM) imaging and characterization. In the case of the MHT
setup, the Fe cube was placed under the flat indenter prior to testing. The indenter was brought
into contact with the Fe cube with a contact force of 25mN and an approach spced of 40% per
min. Upon contact, a compressive linear load (shear for the interface) with increasing intensity
was applied to the Fe cube (loading rate of 15000mN/min) to bring the sample up to failure. In
the Delaminator setup the interface in analysis was kept in the horizontal plane parallel to the
loading axis (actuator’s axis). The inside edge of the grip which was mounted onto the actuator
(see Figure 47), was brought into contact with the Fe cube. In this way tcnsile loads (shear for

the intcrface) were applied directly to the Fe cube until reaching failure. Tests were performed at

an actuator spced of 0.27pm/sec.

11.2.2.6 Results and Discussion




Here it is shown that the bondline strength of a C-PZT surface mounted on a substrate is
significantly improved in comparison with a PZT coated with standard silver paste elcctrodcs. It
is also shown that failure did not occur between the PZT and the PACNTS coating. In this study
cmphasis is given to the bond shear strength, to the failure mechanisms and to the influence on
the failure mechanisms of the fibres length relative to the bond thickness (L¢/H). The analysis is
also cxtendcd to different kinds of CNTs-reinforced interfaces, in order to understand how the

adhesive composition, fibres orientation and dispcrsion influence the mechanical response.

11.2.2.6.1 Shear Strength

The rcsults of the normalized shear strength for each adhesive type (Type | to Type [V) are
reported in Figure 48. The normalization is done with respect to the average shear strength of
the bascline adhesive (Type [). The results clearly show that when CNTs are randomly mixed
with the adhesive, the overall improvement of the shear strength is not significant compared to
the basclinc adhesive case (comparison of Type 1l and 11l with Type I). On the other hand, when
orientcd PACNTs are used to reinforce the bond, a significant improvement of thc shear strength
is observed with a peak value of 274% (Type 1V). In this case however, the experimental data
shows a wide variation suggesting that the CNTs orientation and distribution inside thc bond

might be playing a major role, as discussed later (see Section 11.2.2.6.2).

[1.2.2.6.2 The Influence of CNTs Orientation and Distribution
The SEM analysis of thc samples after failure shows that samples with diffcrent composition
have differcnt morphology at the nano- and microscale and this influences their mechanical
response (sec Figure 49). When CNTs are randomly mixed with the adhesive polymer (20%
CNTs volume fraction) (Figure 49a), they tend to migrate inside the polymer and entangle during
thc mixing and curing proccss. The entangling effect is enhanced by the CNTs’ strong
electrostatic attraction and by the polymer flow at low viscosity during the high temperature
curing process. This rcsults in the formation of micro-agglomerates and of microdefects
spreading all over the bond thickness (scc arrows in Figure 49a). The entangling effect incrcases
with increasing CNTs volume fraction (Figure 49b). A 30% CNTs volume fraction gives rise to
an ultra-viscous adhcsive polymer layer prior to curing and to an increase in agglomerates

density over the bond thickness after curing. The adhesive polymer surface becomes rough




because of microagglomcrates sticking out in an irregular manner. This results in a further
weakening of the interface as shown by the cxperimental data in Figure 48 (Type 11I).

The adhesive morphology changes completely when a PACNTSs film is inserted in the
adhesive polymer (Figure 49¢, 49d). In this case, CNTs are constrained at the base, which helps
to avoid migration during the embedding and curing process. Morcover, the strong capillary
effect of the nanochannals in the PACNTSs carpet enables uniform flow of the polymer in the
nanochannels along their entire length of the CNTs and at the same time, keeping each single
CNT isolated and fully coated with the polymer. CNTs keep their original wavelike
configuration at the nanoscale (Figure 49¢) during the embedding and curing process (Figure
49d). The result is that CNTs are uniformly aligned and dispersed in the adhesive polymer layer

as previously discussed’”,

11.2.2.6.3 Shear Strength Dependence on the PACNTs Microstructure

Here it is shown that the length of the PACNTSs relative to the bond thickness plays a major role
in effcctively reinforcing the bondline. To investigate the causes of the large variation of shear
strength values in the case of PACNTs, (shown in Figure 48a), the PACNTs bond
microstructurcs after failurc were studicd. Particular emphasis was given to the bond thickness
(H) and the PACNTSs length (Lc).

Three main microstructure types were identified and are schematically shown in Figurc 50: a)
PACNTS that are shorter than the bond thickness (Lc/H<I); b) PACNTSs that are longer than the
bond thickness (in the range of /< Lc/H<3); or ¢) PACNTSs that are much longer than the bond
thickness (Lc/H>3). When the PACNTS are shorter than the bond thickness, an adhesive layer
reinforced with CNTs and of thickness Lc, is in direct contact with the PZT, while a very thin
barc adhesive layer of thickness A is in direct contact with thc metal surface (where A=H-Lc).
When thc PACNTs are longer than the bond thickness (Lc/H>1), the global and local
deformation of the PACNTSs film is influenced by the bonding process. The PACNTSs tips in
contact with the metal may locally fold, increasing thc CNTs density in that region. As a
consequence, the CNTs density along the bond thickness is non-uniform. In Figure 51, the effect
of the local deformation is shown for Le/H=1.1. The PACNTs film after transfer and prior to
embedding and bonding is shown in Figure 51a. In this case CNTs arc vertically aligned. Once

the adhesive is dropped onto the PACNTs and the C-PZT is bonded to thc mctal structure, the




CNTs bend and their tips fold locally in the areas of contact with the metal substrate. The typical
example of a deformation is represented by the solid black line. Figure 51c shows a closer view
of the folding effect at the metal intcrface. The dependence of this folding effect on the Le/H
ratio is studied. The CNTs density and the folding effect at the metal interface increases with
increcasing Lc/H ratio (L.c/H>>1) as shown in Figure 50. The density increase is found to lead, in
extrcme cases, to the loss of bond formation betwcen the PZT and the metal structure. Two
representative cases are shown in Figure 52, left and right panels, for Le/H = 1.2 and 3.6,
respectively. The folding effect is observed in both cases (see arrows in the upper panels), and
appear to be stronger for thc sample with larger Lc/H ratio (right panels). For the 1.2 ratio value,
thc PACNTs arc fully embedded and isolated from each other in the adhesive polymer layer
while for thc 3.6 ratio value, because of the larger folding effect, the resulting CNTs density at
thc adhesive-metal interface is larger leading to partially exposed CNTs in that interface (top
view picture in Figurc 52 — on the right pancl). This microscopic analysis suggests that the
variation of thc L¢/H ratio leads to a non-uniform distribution of the CNTs along the bond
thickness F. It is likcly that this is the key aspect to explain the mechanical responsc of the PZT-

metal bond.

11.2.2.6.4 Failure Modes and their Correlation with the Interface Microstructure

Hcre it is shown that bondlinc failure in the C-PZT samplcs, does not occur in the interface
between the PZT ceramic and the PACNTSs coating. However it is shown that the bondline
failurc mechanisms and thc shear strength arc directly correlated to the Lc/H ratio. The
dependence of the shear strength on the Le/H ratio in the case of PACNTS is shown in Figure 53.
From thc microscopic analysis of the failure mechanisms, a clear correlation is identified
between the mechanical response and the adhesive layer microstructure discussed above.
More specifically, four diffcrent regions were identified corresponding to four different failurc
modes. Thesc failure modes are found to be directly related to the Lc/H ratio, which gives rise to
a different distribution of CNTs along the bond thickness, and hence to a different mechanical
response. The dircct relation between the mechanical response, the failure mechanisms and the
geometry is schematically represented in Figure 53 (ZONE 1 to IV). 1t is observed that when
Le/H< 1, the failure occurs in the A layer (ZONE [ of Figure 53). When the ratio is /<Lc¢/H<3,

there are two failure mechanisms (ZONE II and III): (a) cohesive failurc involving the entire




bond (ZONE 1) or; (b) failurc of the support layers (ZONE III). Finally, all samples with
Lc/H> 3 are characterized by an adhesive failure mechanism (ZONE 1V).

When PACNTSs arc shorter than the bond thickness, the bond is characterized by the layered
microstructure described in section 11.2.2.6.3 and schematically shown in Figure 53 (ZONE I). In
this casc, cohesive failure is restricted to the top laycr of thickness A (weaker bondline) above
the CNTs leaving intact thc PACNTSs layer below. An example of this failure mechanism is
shown in Figurc 54. The highlighted zone represents the contact area between the PZT (Figure
54a) and the metal (Figure 54b) prior to failure. Adhesive polymer spots, as thick as the A layer,
are found on the metal surface and are highlightcd in the picture, while the bulk of the reinforced
adhesive layer (thickness of Lc) is left onto the PZT surface. A higher magnification of a hole on
the PZT surface (Figure 54b) shows the CNTs tips inside the adhesive polymer which suggests
that failure occurs in the A layer only.

Optimal results are observed when PACNTSs are longer than the bond thickness with Lc/H
valucs between 1 and 3 (ZONE II). In this case, the bond is made up of a reinforced adhesive
along its entire thickness (Figure 53b) and the CNTs density in contact with the metal surface
increascs with thc PACNTSs length Le. The highest shear strength improvement is observed when
thc PACNTSs length is twice as long as the bond thickncss and barc T-MPZT are bonded to the
metal cube. In this case multiple fractures along the entire bond thickness A and length are
observed giving rise to cohesivc failure of the interface. Figurcs 55a and 55b are SEM images
showing thc contact area between the PZT (Figure 55a) and thc metal surface (Figure 55b) as
highlighted. The multiple fractures are shown with the curves that are drawn for better
visualization. Fractures in the PZT and metal particularly match to each other. The fractured
surfaces are mainly in multiple layers and orientations and havc CNTs extending out of them
(Figure 55¢). CNTs may slow down fracture propagation, kceping the edges of a propagating
fracture (figure 56b) joined until their breaking and/or pull-out from the adhesive polymer occurs
(Figure 55c). On the contrary, when a fracture occurs in a bascline adhesive it rapidly
propagates undisturbed in the bond until complete failurc is reached (Figure 56a). This
behaviour can also be obscrved in the Displacement vs. Time curves (Figure 56) of a bare and a
PACNTSs-reinforced adhesive which shows a failure delay if PACNTSs are part of the bond.

For the L¢/H ratio in the range 1 to 3, in the case of t-PZTs or T-PZTs coated with an AmSi

layer (as needed for the high-temperature fabrication process’?), very low shear strength values




are recorded which is due to the fact that the failure mechanism is characterized by peeling off of
the AmSi substrate without involving either the bond or the interfaces. Similarly, when thc C-
PZT is madc out of a t-PZT, the bond failure occurs for PZT peeling as shown in the scheme in
Figure 57. This is bccause of the fact that the PZT surface, which is made up of an aggregation
of crystal grains, may pcel-off with the bond. The consequence of this failure mechanism as
observed is that, after failure, the entire reinforced bond is attached to the metal (Figure 57b and
57d) and its upper surface is coated with a layer of PZT crystals (Figure 57c and 57e). It is
unclcar why PZT grains peeling was observed in t-PZTs only and not in T-PZTs, but it is
suspected to be associated with the chemical treatment performed on t-PZTs’.

When CNTs are much longer than the bond (ZONE 1V) excessive folding of CNTs may
weaken the interface in contact with the metal due to a much higher CNTs density in that
interface. The density effect can be seen in Figure 58¢c where the contact interface with the metal
is shown. The shear strength is very low for all the analyzed substrates of this type.

The normalized shear strength (S/So)'was plotted vs. Lc/H ratio by fitting the experimental
data that showed an actual bond failure (zone [, Il and 1V). The resulting Gaussian fitting curve
is representative of the mechanical response of the C-PZT-metal bond as a function of the bond
nano/microstructure (Lc/H). These preliminary results show that the Lc/H ratio is a key factor
for truly reinforcing the bond shear strength with a high density array of orientcd CNTs and
could potentially be uscd to predict and design structural bonds with enhanced interfacial
strength. A complete understanding of the observed phenomena is under investigation and more
studies are bcing performed to control the bond thickness in relation to thc CNTs length during
manufacturing. The study of thc long term durability and signal analysis of the designed C-PZT

sensor/actuator is in progress.

I11. CONCLUSIONS

The SEM-based code has been developed. The codc is able to solve a coupled electro-
mechanical ficld for piczoelectric materials. Furthermore, as a solution strategy, the code
employs explicit time integration seheme for elasto-dynamic solver and Gauss elimination for

static clectric fields. This study allows us to make the following conclusions:




1) The SEM has excellent advantages over the FEM in numerical analysis of the ultrasonic
Lamb wave propagation.
2) The numerical simulation of the wave propagation by the SEM-based code on the aluminum
plate is verified by the experimental results.
3) The SEM-based code can simulate the scatter waves induced by a crack.
4) The SEM-based code has shown its feasibility to SHM applications as a simulation tool to
optimize the key paramecters of damage detection such as sensor shape, size, locations,

diagnostic waveform, ete.

The results of an experimental and numerical study of the effects of interface debonding on the
performance of PZT actuators were presented. The bonding conditions were found to be a key
parameter in the reliability of PZT actuators. A bond degradation can lead to energy losses which
could compromise the response of the structural health monitoring (SHM) systems if not taken
into account properly. In this study local asymmetric and symmetric interface debonding were
considered and compared with the case PZT actuators fully bonded to an aluminium plate. Tests
were performed over a wide frequency range (100KHz and 500KHz) and a simplified two-
dimensional Spectral Element Method-based code was used to validate the study. Major findings
of the expcrimental and numerical results were:

e Partially decbonded interfaces are subjected to an overall decrease in the signal amplitude
and a signal phase delay for incrcasing debonding areas.

o A 30% asymmetric debonding suffered most significant energy loss around the natural
resonance frequencies of the PZT actuators.

e Variations in debonding shape and location underneath the PZT actuators lead to signal
strength variations (the most significant signal amplitude drop was found for a peripheral
interface debonding).

e A partial asymmetric interface debonding lead to stress concentration between the PZT
layer and the metal structure.

These findings give a systematic tcmplate that can be used in the SHM algorithms to compensate
for and address energy losses duc to the PZT interface degradation during the in-service life of a

structurc.




A new design to reinforce the bondline of PZT actuators to a metal substrate was also presented.
The key of this design is to replace the silver paste electrode of a standard PZT disc with a high-
density array of oriented carbon nanotubes (CNTs carpet) that acts as clectrodes as well as
reinforcing elements at the interface. The report focuscs on the method used to insert thc CNTs
carpet into the bondline. The approach consists of inserting a carpet of Pre-aligned CNTs
(PACNTS) 1nto the adhesive and making use of the capillarity properties of the CNTs carpet to
fully absorb the adhesive polymer. This is done by coating one of the two bonding surfaces (PZT
for this specific application) with the PACNTSs carpet and constraining the carpet to the surface.
A low- and a high-temperature process was investigated in order to coat the PZT surface with the
PACNTS carpet (C-PZT). The microscopic analysis of the as-produced samples shows that with
this approach CNTs can be fully dispersed and oriented into the adhesive polymer. The low-
temperature method has the advantage that it can be used for materials with low-temperature
capabilities, and can be generalized and scaled-up to larger areas for structural as well as

electronic applications.

It was also shown that the bondline strength of a C-PZT surface mounted on a substrate is
significantly improved. The experimental study shows that the interfacial shear strength can be
significantly improved with the proposed bondline design and that failure did not occur between
the PACNTS coating and the surface of the PZT ceramic. It is also shown that the shear strength
and failure modes are very sensitive to the nature of the bondcd surfaces, to the intcrface
microstructure and to the ratio of CNTs length (Lc) to the bond thickness (/). Variations in the
Lc/H ratio causes a variation to the interface microstructure which influences the shear strength

and failure modes.

V. LIST OF FIGURES

Table 1 Sensor locations

Coordinate (mm)
Xy X,
PZT 1 177.8 330.2
PZT 2 177.8 177.8




PZT3 304.8 355.6
PZT 4 355.6 177.8
Table 2 Comparison of solution accuracy
SEM FEM
resolution resolution full integration reduced integration

19 116.44(0.00%) 95 116.30(0.12%) 116.65(0.18%)
15 116.45(0.01%) 76 116.22(0.19%) 116.76(0.27%)
11 116.46(0.03%) 48 115.88(0.48%) 117.28(0.72%)
9 116.40(0.04%) 38 115.55(0.76%) 117.78(1.15%)

Table 3 Comparison of computational resources

Total Numbers of
active D.O.F.

Computational Time

SEM FEM
reduced integration
6768 224648
250 sec 4280 sec
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Figure 1. Comparison between finite element and spectral element (a) linear finite element (b) 6-th order spectral
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Figure 2. Square aluminum plate with 4 piezoelectric transducers on one side (a) geometric configuration,

(b) excitation signal (100kHz) at PZT 2, (c) mesh configuration-elements & nodes
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Figure 4. Configuration of geometry and mesh to study the code performance: (a) geometric configuration,

(b) mesh configuration for finite element analysis, (c) mesh configuration for spectral element analysis
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Figure 5. Sensor signals (a) comparison between FEM and SEM, (b) error of wave velocity in FEM
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Figure 7. Square aluminum plate with hole/crack and 4 piezoelectric transducers on one side (a) geometric
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Figure 10. Wave developments at (a) 40 usec, (b) 50 usec, (c) 60 usec, (d) 80 usec
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Figure 11. Scatter wave developments at (a) 20 usec . (b) 25 usec, (c) 30 usec, (d) 40 usec
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Figure 13. (a) 2D plain strain model configuration,
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Figure 14. Reference interface of a PZT surface mounted to a structure. a) Cross section: b) Top view.
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Figure 16. Set | of samples representative of an increasing debond area.
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Figure 19, (a) SEM image of a PZT bonded to the Al substrate; (b) Picture of a PZT actuator; (c)
SEM image of a conductive adhesive interface.
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Figure 20. Sensor signal amplitude variation vs. Time.
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Figure 21. Amplitude variation for different debond sizes.
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Figure 22. Sensor signal due to different debond shapes at 250KHz actuation frequency.
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Figure 24. Sensor signal change in terms of debond size, (a) 100KHz actuation
frequency, (b) SO0KHz actuation frequency.
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Figure 25, Maximum amplitude of sensor signal vs. debond size at different actuation frequencies.
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Fig.ure 26. Stress concentration at singular points: (a) actuation signal (200KHz), (b) inter-layer shear

stress distribution at 12psec, (c) normal stress distribution at 12psec.
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Figure 27. Standard interface: (a) PZTsurface bonded to a structure with a polymer adhesive layer, (b)

details of the interface.
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Figure 28. Interface reinforced with oriented CNTs.
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Figure 29. Scheme of the C-PZT design and fabrication approach.
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Figure 30. Schematic of the low and high temperature process for PZT coating with a PACNTS carpet:
(a) high-temperature process, (b) room temperature process.
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Figure 31. Scheme of the high and low temperature process for the realization of an MPZT. High temperature:
(a) PZT peeling, (b) AmSi layer coating (c) Fe nanoparticles deposition, (d) CNTs growth. Low-temperature
process: (f) PZT peeling, () AmSi deposition, (h) CG coating, (i) CNTs transfer.
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Figure 33. Scheme of the patterning process.
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Figure 36. C-PZT: results from the high-temperature approach: (a) picture of a PZT before and
after CNTs growth, (b) SEM image of the PZT after CNTs growth.

Figure 37. SEM images of CNTs growth resuits vs. increasing temperature. The substrates are PZT
(diameter of 10mm and thickness of Imm) coated with a SiO; layer.
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Figure 38. (a) Experimental results for CNTs growth on PZT with increasing temperature and increasing
thickness. (b),(c),(d).(e) SEM images of PZT samples grown at 760°C and with increasing SiO, layer thickness.

Figure 39. C-PZT: results of the low temperature approach: (a) carpet of oriented CNTs grown on
a Silicon chip, (b) CNTs carpet transferred onto a bare PZT surface, (c) higher magnification of the
transferred CNTs, (d) top view of the edge of the CNTs carpet. The image shows: the PZT grains,
the CG layer and the CNTs carpet.




Figure 40. Key elements for the printing process: (a) plastic deformation due to
pressure (p), (b) CG absorption.
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Figure 41. (a) Wavelike configuration of a PACNTs carpet transferred onto a PZT surface, (b) carpet embedded
into the adhesive polymer, (c) scheme of the embedding result, (d) top view of the embedded CNTs carpet.
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Figure 42, (a) Interface integrated with a PACNTSs carpet. (b) PZT coated with a PACNTS carpet, (c) SEM image
of a PACNTSs carpet
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Figure 44. Substrate types and adhesive compositions.




Figure 45. Samples preparation: (a) pre-patterned oriented CNTs transferred onto the PZT surface, (b)
Teflon mask to confine the area of post-patterned CNTs, (c) iron cube bonded to the PZT, (d) PZT bonded
to the Brass cube, (e) example of the as fabricated samples.
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Figure 46. MHT set-up: (a) scheme of the test, (b) picture of a sample during testing.
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Figure 47. Delaminator set-up: (a) scheme of the features design and test set-up, (b) picture of
the Delaminator components during testing, (c) higher magnification of the sample and test
set-up during testing.
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Figure 48. (a) Shear strength vs. adhesive composition, (b), (c) and (d) adhesive compositions.

ype IV il L1
D2
el GRIT

Figure 49. SEM images of samples with different adhesive compositions: (a) adhesive mixed with
random CNTs (Type 1), (b) adhesive mixed with random CNTs (Type Il1), (¢) side view of adhesive
integrated with a high density array of oriented CNTs (Type V).
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Figure 51. Bonding effect, SEM pictures: (a) PACNTSs prior embedding, (b) side view of a bond, (¢)
folding effect. The sample in analysis has a ratio 1.1.




Figure 52. SEM images of the folding effect increase for higher Lc¢/H ratios.
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Figure 53. a) Normalized Shear strength vs. Lc/H. (b) Sample types, (c) failure modes corresponding to

each sample type.
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Figure 54. Cohesive failure for samples with Lc/H<1: (a) SEM image of the
PZT surface, (b) fracture of the A interface, (c) iron cube, (d) higher
magnification of the adhesive inside the fractured area.




Figure 55. SEM images of a sample characterized by cohesive failure of the “/” interface: a) PZT surfacc, (b)
metal surface, (¢) CNTs tips sticking out of a fractured surface, (d) multidirectional fractured surfaces, (e)

fractured surface.

Time (s)

Figure 56. Displacement vs. time curve for a baseline adhesive polymer and for a nanocomposite polymer
integrated with oriented CNTSs. (a) SEM image of a fracture propagating in a baseline adhesive, (b) SEM
image of a fracture propagating in an adhesive polymer integrated with CNTs.
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Figure 57. Support failure mechanism: (a) SEM image of the PZT surface, (b) SEM image of
the metal surface, (c) top view of the interface in contact with the PZT, (d) 45° view of the
nanocomposite bond left on the metal surface, (e) higher magnification of the PZT crystals

peeled from the PZT substrate and scheme of the peeling mechanism.
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Figure 58. SEM images of the adhesive failure: (a) PZT surface, (b) metal surface,
(c) contact interface metal-bond.
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